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FOREWORD

This volume was written to update a report on the Precambrian geology of the Lake
Superior region prepared for the Geological Society of America’s Decade of North Amer-
ican Geology (DNAG) volume (Volume C-2) on the Precambrian—-Conterminous U.S.,
edited by J.C. Reed, Jr., and six others, and published in 1993. The chapter on the Lake
Superior region is one of seven comprehensive reports in Volume C-2. The Lake Superior
chapter was written in 1985 and page proof was prepared in 1987, 6 years before publica-
tion of Volume C-2. Accordingly, much of the chapter is out of date. Sections on the
Archean, Early Proterozoic, and Middle Proterozoic Midcontinent rift system are particu-
larly obsolete because of substantial new knowledge resulting from ongoing studies by
individuals from several organizations.

Most of the authors of sections in this Professional Paper were authors of sections in the
Lake Superior chapter in DNAG Volume C-2. These authors have continued research
since the mid-1980’s and continue to maintain expertise in their field of specialty. The
authors of the section on the Midcontinent rift in this volume, however, were not involved
with preparation of the DNAG volume; they have been major investigators in the exciting
recent seismic-profiling and petrochemical studies of the rift. For completeness, short
summaries of those geologic entities that have received relatively little study since the
mid-1980’s, such as the Middle Proterozoic Wolf River batholith, are included in this
report.

This report is written for the same readers as the DNAG volumes, that is, geologically
knowledgeable people, both within North America and abroad, who want an overview of
the Precambrian geology of the United States segment of the Superior province and adja-
cent Early and Middle Proterozoic terranes of the Canadian Shield.

I thank each of the authors for thoughtful preparation and for timely response in com-
pleting manuscripts. G.B. Morey and W.F. Cannon ably reviewed the entire report and
made numerous helpful suggestions. I am grateful also for the careful, thorough technical
editing of co-editor L.M.H. Carter.

PK. Sims
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ARCHEAN AND PROTEROZOIC GEOLOGY OF THE
LAKE SUPERIOR REGION, U.S.A., 1993

P.K. Sims and L.M.H. Carter, Editors

INTRODUCTION

By PK. Sims

The Precambrian rocks of the Lake Superior region
have been studied nearly continuously for more than a cen-
tury, mainly because of the early discovery of large, valuable
iron deposits in Minnesota, Michigan, and adjacent Wiscon-
sin and copper deposits in the Keweenaw Peninsula, Michi-
gan. Tremendous advances in knowledge of the geology of
the region have been made particularly during the past three
decades because of available detailed aeromagnetic and
gravity anomaly maps that cover much of the region, nearly
complete coverage of modern topographic maps, the devel-
opment of sophisticated isotopic dating techniques, and the
application of seismic-reflection profiling to major geologic
problems, particularly the Middle Proterozoic Midcontinent
rift system. The Precambrian rocks can now be placed con-
fidently in a general stratigraphic framework that places con-
straints on detailed, more local studies.

The Precambrian rocks of the Lake Superior region lie
along the south margin of the Superior province of the Cana-
dian Shield (fig. 1), and underlie large parts of the area of
Minnesota, Wisconsin, and Michigan. They are overlapped
to the west, south, and east by flat-lying sedimentary rocks
of Paleozoic and Mesozoic age of the interior platform and
are discontinuously covered by Pleistocene glacial deposits.
The present landscape is subdued, and is inherited largely
from erosional and depositional landforms of the Pleistocene
glaciation. Inliers of Precambrian rocks are exposed locally
in the covered areas, mainly in the valleys of major rivers in
southern Minnesota and Wisconsin, where erosion has dis-
sected the Phanerozoic rocks.

This report is organized in the same general way as the
DNAG report, that is, around a geochronometric framework.
Descriptions of the Archean terranes, the Early Proterozoic
Penokean orogen, and the Middle Proterozoic intracratonic
igneous and sedimentary rocks, including the Midcontinent
rift system, are followed by brief overviews of the gravity
and magnetic characteristics of the several terranes and the
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Figure 1. Location of Lake Superior region relative to the
Canadian Shield and to the inferred extent of Precambrian rocks of
the North American craton. Compiled from various sources.

metallogeny of the region. Emphasis is generally placed on
new data obtained since about 1985 and new and (or) refined
interpretations. Accordingly, the reader should refer to the
DNAG chapter as well as this report for an overall view of

1



2 ARCHEAN AND PROTEROZOIC GEOLOGY, LAKE SUPERIOR REGION, 1993

the Precambrian geology of the Lake Superior region. The
final section in this report relates the Precambrian geology of
the Lake Superior region to that in adjacent regions.

The term “terrane” is used in the Lake Superior region
in the same way as in the North America cordillera (Jones
and others, 1977). A terrane constitutes a distinctive crustal
segment characterized by unique stratigraphy, structural
style, geophysical characteristics, and age, and commonly is
fault bounded.

The term “province,” as used herein, follows Canadian
terminology for Archean rocks (>2,500 Ma; Hoffman, 1989).
An Archean province is a contiguous area of continental litho-
sphere bounded by Proterozoic orogens inferred to be suture
zones. “Subprovinces” are defined on the basis of lithologic
and tectonic differences within a province, that is, differences
in structural trends, ages of orogenic units, rock types,
metamorphic grade, and geophysical characteristics, or a
combination of these (Card and Ciesielski, 1986; Card, 1990).

GEOLOGIC FRAMEWORK

By PK. Sims

The Precambrian rocks in the Lake Superior region
record more than 2.5 b.y. of geologic time (pl. 1). This inter-
val of geologic time is not continuously recorded in layered
and intrusive units, but instead is punctuated by specific
rock-forming and tectonic events that can be deciphered
from geologic relations and placed in a chronometric frame-
work by isotopic dating.

The Lake Superior segment of the Canadian Shield is a
collage consisting mainly of Archean cratonic elements
(3.6-2.5 Ga), assigned to the Superior province, a flanking
Early Proterozoic (=2.1-1.84 Ga) orogenic belt (Penokean
orogen), and a Middle Proterozoic (=1.1 Ga) intracratonic
rift assemblage (Midcontinent rift system) that transects
older Archean and Proterozoic rocks. In addition, intracra-
tonic igneous and sedimentary rocks in the approximate age
range 1.82-1.63 Ga overlap older rocks on the south, and
anorogenic intrusions (=1.47 Ga) intrude older rocks in cen-
tral Wisconsin. The rocks represent several major crust-
forming events, reactivation of Archean basement rocks
locally within the Penokean orogen, the erosion and
deposition of epicratonic successions, and the local intrusion
of anorogenic magmas.

The Archean in the Lake Superior region comprises the
southern part of the Superior province, a large, relatively
undisturbed Archean craton having an exposed area of more
than 2 million km? (Card and Ciesielski, 1986). In Canada,
the Superior province is made up of four rather distinct sub-
provinces that differ markedly from one another and form a
strongly linear regional structure. These subprovinces (Card
and Ciesielski, 1986) consist dominantly of (1) plutonic
rocks, (2) volcanoplutonic rocks, (3) metasedimentary rocks,
and (4) high-grade gneisses. Volcanoplutonic and metasedi-
mentary subpravinces are the predominant rock assemblages
in the United States segment of the Superior province (Card,
1990).

Three subprovinces delineated in Canada can be pro-
jected into the United States (Southwick, this repaort). From
north to south, these are (1) the Wabigoon subprovince, a
valcanoplutonic terrane, (2) the Quetico subprovince, a
dominantly metasedimentary terrane, and (3) the Wawa
subprovince, a volcanoplutonic terrane. A fourth subprov-
ince, not recognized in Canada—the Minnesota River Val-
ley subprovince, a gneiss terrane—lies to the south of the
Wawa subprovince. The gneiss terrane forms the
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southernmost part of the Superior province; it is partly over-
lapped to the south by Early Proterozoic rocks of the
Penokean orogen and by younger quartzite. High-angle
transcurrent faults that formed in a dextral transpressive
environment mainly separate the Wabigoon, Quetico, and
Wawa subprovinces, but at places the Quetico-Wawa
boundary is a metamorphic or lithologic boundary rather
than a fault (Southwick, this report). The boundary between
the Wawa subprovince and the Minnesota River Valley sub-
province is a major structure named the Great Lakes tec-
tonic zone (GLTZ; Sims and others, 1980). In Minnesota,
the GLTZ, locally named the Morris fault, has been inter-
preted from geophysical data as a north-dipping, south-
verging structure (Gibbs and others, 1984); in northern
Michigan, however, the GLTZ has been interpreted from
outcrop data as a north-verging structure (Sims, 1991a;
Sims, 1993; Sims and Day, 1992). This dichotomy in inter-
pretation is discussed in a following section.

In previous reports on the Lake Superior region, sum-
marized in the DNAG volume (Sims and others, 1993),
the rocks comprising the three Archean subprovinces north
of the Great Lakes tectonic zone were collectively called
the Archean greenstone-granite terrane, and the Minne-
sota River Valley subprovince, to the south, was called the
Archean gneiss terrane. These two designations were used
to distinguish predominantly juvenile volcanic and plu-
tonic rocks of Late Archean age to the north from mainly
older gneisses of uncertain origin to the south (Sims and
others, 1980). In previous reports, the gneisses of the Min-
nesota River Valley subprovince were not considered to
be a part of the Superior province.

The Early Proterozoic rocks in the Lake Superior
region mainly comprise the Penokean orogen, a major oro-
genic belt that extends from the Lake Superior region north-
eastward through the Sudbury basin to the Grenville front
(Sims and others, 1980), and is inferred to extend in the sub-
surface southwestward through southern Minnesota and
northwestern Iowa into Nebraska, where it is truncated by
the younger (1.8-1.63 Ga) Early Proterozoic Central Plains
orogen (fig. 2; Sims and Peterman, 1986; Sims, 1990d;
Sims, Peterman, and others, 1991). The Penokean orogen

consists of a belt of island arc volcanic and plutonic rocks
(1.9-1.84 Ga; Wisconsin magmatic terranes), a maximum
of 200 km wide (Sims and others, 1989), juxtaposed with an
asymmetrical continental margin assembiage on the north.
The continental margin assemblage consists of older passive
margin sedimentary and volcanic rocks overstepped north-
ward by an asymmetrical foredeep assemblage, both of
which were deposited on an Archean basement. The struc-
ture along which the two terranes are juxtaposed, the Nia-
gara fault zone in Wisconsin and Michigan and the Malmo
discontinuity in Minnesota (Southwick and Morey, 1991), is
a north-verging paleosuture. The continental margin assem-
blage includes the world-class Lake Superior-type iron ores
(Morey, 1983b). The arc rocks, which contain several valu-
able Zn-Cu massive sulfide deposits (Sims and others, 1987
and references therein), were accreted to the continental
margin at =1.85 Ga.

The intracratonic igneous and sedimentary rocks (unit
Xrg, pl. 1) postdate the consolidation of the Superior
Archean craton and the Early Proterozoic Penokean orogen,
to form the south margin of the vast composite North Amer-
ican craton called “Laurentia” (Hoffman, 1988). Following
mild deformation and metamorphism of these rocks at about
1.625 Ga, anorogenic plutonic rocks were emplaced; the
largest of these plutons, the Wolf River batholith, is =1.47
Ga. The plutonic rocks are components of the 1.5-1.4 Ga
Transcontinental Proterozoic anorogenic province of North
America (Anderson, 1983).

The youngest major terrane in the region, the Middle
Proterozoic (Keweenawan Supergroup; =1.1 Ga) Midconti-
nent rift system, is an intracontinental assemblage of igneous
and sedimentary rocks that developed in a rift that aborted
before significant crustal separation was achieved. The rocks
are dominantly bimodal basalt and rhyolite, which occupy a
central horst; gabbro-anorthosite complexes, which were
intruded along the Archean-Early Proterozoic unconformity
along the margins of the rift; and mainly red bed, but locally
carbon-rich, sedimentary rocks.

Since the late Middle Proterozoic, the entire region has
been stable and, except for the effects of loading by Pleis-
tocene glaciers, apparently has been in isostatic equilibrium.
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Figure 2 (above and facing page). Simplified tectonic map of Precambrian basement rocks, north-central United States. BH, Black Hills
uplift; SF, Saint Francois Mountains; WR, Wolf River batholith.
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EXPLANATION

MIDDLE PROTEROZOIC (900-1,600 Ma)
S Ta Midcontinent rift system (=1.1 Ga)

Rhyolite and anorogenic granite (1.35-1.48 Ga)

Anorogenic granite and anorthosite (~1.48 Ga)

EARLY PROTEROZOIC (1,600-2,500 Ma)
Quartzite—Stipple outlines outcrop area

° o5y 20 Metamorphic and granitoid rocks of Central Plains orogen
(1.6-1.8 Ga)

Rhyolite and anorogenic granite (=1.76 Ga)

Granite and associated rocks of uncertain age; includes
anorogenic granite (1.45-1.50 Ga)

\’\:’72\?\3"\ Granitoid and metamorphic rocks (includes Archean gneiss)

A Wisconsin magmatic terranes of Penokean orogen (1.35-
1.9 Ga)

VW/ Sedimentary and volcanic rocks of Penokean continental

margin (1.9-2.1 Ga); includes Archean basement rocks

Metamorphic and granitoid rocks of Trans-Hudson orogen
(1.81-1.9 Ga); includes scattered Archean rocks

ARCHEAN (2,500 Ma and older)

Volcanic, sedimentary, and granitoid rocks of Superior
province (2.6-2.75 Ga)

Gneiss of Superior province (Minnesota River Valley sub-
province) (2.6-3.6 Ga)—Includes local Early Proterozoic
rocks

Gneiss of Wyoming craton (2.5-3.4 Ga)

~',’.¢.,_,., ¢ 7+ Edge of Phanerozoic rocks

Generalized contact between major rock groups
High-angle fault

L1111 1 High-angle fault—Hachures on downthrown side

—h_A__ Thrust fault—Sawteeth on upthrown side; dashed where
covered by Proterozoic rocks

CB Cheyenne belt

CCF Cedar Creek fault

GLTZ  Great Lakes tectonic zone
HRF Hartville-Rawhide fault
MD Malmo discontinuity

NFZ Niagara fault zone
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ARCHEAN SUPERIOR PROVINCE

By D.L. Southwick!

Since late 1985, when the Archean geology of the Lake
Superior region was last summarized (Sims and others,
1993), much new work has been done and some important
new insights have emerged. The principal contributions have
involved field-based structural studies and mapping in Min-
nesota, Wisconsin, and Michigan, and the development of a
unifying model for Archean tectonics, based mainly on work
in Canada (Card, 1990), into which the various United States
studies appear to fit. In this report the unifying model will be
introduced first, followed by brief discussions of recent
advances derived from studies in Archean terranes that lie to
the north of the Great Lakes tectonic zone in the United
States segment of the Lake Superior region.

THE SUBPROVINCE CONCEPT
BACKGROUND

Researchers have known for decades that the Superior
province of the Canadian Shield consists of subdivisions that
differ from one another in structural style, predominant rock
type, metamorphic grade, and temporal history as revealed
through geochronology. The origin and tectonic significance
of the subdivisions and their boundary zones are not com-
pletely understood, but it is beginning to appear that the sub-
divisions, now generally called subprovinces, were smaller
tectonic entities such as volcanic arcs, back-arc basins,
accretionary prisms, and seamount chains that were swept
together by subduction and related processes of convergent
tectonism in Late Archean time (Card, 1990; Thurston and
Chivers, 1990). The result was a continental mass of which
the Superior province as a whole is a surviving major frag-
ment (Card, 1990; Hoffman, 1988).

The terminology of the subprovinces of the Superior
province has evolved along a tortuous path that need not be
retraced here. The terminology proposed first by Card and
Ciesielski (1986), and amplified by Card (1990), is now
widely accepted, and provides a conceptual framework for
discussing the Archean geology of the Lake Superior seg-
ment of the Superior province.

CHARACTERISTICS OF THE SUBPROVINCE TYPES

The four subprovince types within the Superior
province are distinguished fundamentally on the basis of the

!Minnesota Geological Survey, 2642 University Avenue, St. Paul, MN
55114

predominant rock types or rock-type associations they con-
tain, as follows (Card, 1990): (1) plutonic, in which intrusive
granitoid rocks account for an overwhelming fraction of the
terrane; (2) volcanoplutonic or (“greenstone-granite”),
which contain voluminous sequences of broadly arclike vol-
canic rocks at low to moderate metamorphic grade, typically
in the greenschist or lower amphibolite facies, and extensive
suites of intrusive granitoid plutons that are chiefly of “I-
type” geochemistry; (3) metasedimentary, which contain
thick sedimentary sequences, most typically of turbiditic
affinity, together with migmatite and paragneiss derived
from a metasedimentary protolith by partial melting and (or)
injection of granitoid leucosome; (4) high-grade gneiss,
characterized by extensive tracts of upper amphibolite- and
granulite-facies gneisses and commonly geochronologically
complex.

Subprovince boundaries in many cases are marked by
major fault zones, ductile shear zones, and (or) abrupt meta-
morphic gradients. However, some subprovince boundaries
are essentially conformable stratigraphic contacts between
contrasting rock suites (Kehlenbeck, 1976; Borradaile and
Spark, 1991) without significant structural dislocation or
metamorphic discontinuity along them.

GENERAL ATTRIBUTES OF SUBPROVINCES
IN THE LAKE SUPERIOR REGION

From north to south, the four Archean subprovinces in
the Lake Superior region are as follows (pl. 1):

1. The Wabigoon subprovince, a volcanoplutonic
entity that underlies most of northwestern Minnesota.

2. The Quetico subprovince, a metasedimentary belt
that extends westward from the Ontario-Minnesota border
lakes between Rainy and Basswood Lakes to a poorly
defined termination in the subsurface of west-central Minne-
sota or eastern North Dakota.

3. The Wawa subprovince (Wawa-Shebandowan
subprovince of several Minnesota Geological Survey
reports), another volcanoplutonic entity that includes the
Vermilion district (Sims and Southwick, 1985), the Virginia
“horn” (fig. 3), the Giants Range batholith, the greenstone
belt of northern Itasca County (Jirsa and Boerboom, 1990),
and a broad swath of greenstone belt rocks farther to the
southwest in Minnesota. The Ishpeming greenstone belt in
northern Michigan (pl. 1) also is assigned to this subprov-
ince. The geophysically defined “quiet zone” that extends
across central Minnesota is provisionally included in the
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half of the belt, whereas they tend to be more cylindrical in
form and to possess a local L or LS fabric in the north half.

Several lines of evidence indicate that deformation at
the immediate margins of the Quetico subprovince and
within the neighboring volcanoplutonic subprovinces was
transpressional; it involved a component of north-south
shortening and a component of dextral shear. Furthermore,
evidence is mounting from a number of studies in Canada
and the United States to support the conclusion that most of
the Superior province was assembled in a regime of dextral
transpression that operated over a long span of time (sum-
mary in Card, 1990). The situation at the Quetico boundaries
therefore fits the overall regional pattern.

However, despite the fact that it probably was deformed
in aregional transpressional regime, the interior of the Quet-
ico subprovince displays only slight and local evidence of
dextral shear. As a whole, the migmatitic interior lacks the
prominent zones of concentrated ductile shear strain and the
brittle to semibrittle faults that are so characteristic of the
boundaries. The fold geometry and sequence in the interior
can be accounted for by repeated episodes of essentially pure
north-south shortening. If the interior of the Quetico was in
fact affected by dextral shear, the shear strain may have been
broadly and subtly distributed across the subprovince
because of a lack of competency contrasts and the absence of
relatively weak rock units in which shear might be concen-
trated. This lack of mechanical contrasts on a regional scale
probably is due to the abundance of granitoid rock in the core
zone. Granitic magmatism would have contributed to isotro-
pic softening of the terrane at the stage when melts were
present in the deforming mass, which approximately coin-
cided with the period when F; and F; folds developed, and
the same magmatism later would have contributed to weld-
ing and isotropic hardening, after crystallization and cooling
occurred. After regional welding, it is likely that continuing
shear strain was partitioned into mechanically softer zones of
metasedimentary rock near the subprovince margins that
were not abundantly injected by granite.

The style and sequence of folding are effectively the
same on either side of the Quetico-Wabigoon boundary, and
the pattern of strain on either side is consistent with dextral
transpression. However, geochronologic evidence indicates
that deformation was not strictly contemporaneous in the
adjoining terranes. U-Pb zircon data constrain the principal
period of folding and fabric formation in the Wabigoon to
the interval 2,710-2,700 Ma (Davis and others, 1988, 1989)
and also constrain a younger event, dominated by dextral
shear, to the interval 2,690-2,680 Ma. In the Quetico, the
principal folding event (D,) must have occurred after about
2,687 Ma, the age of a granodiorite sill deformed in that
event (Percival and Sullivan, 1988). The D5 folding event in
the Quetico is associated with granite emplacement that is
bracketed between 2,670 and about 2,654 Ma, and therefore
it was much younger than the late shearing event recorded in

the Wabigoon. Given its faulted condition and the age dis-
parities across it, the contact between the Quetico and Wabi-
goon subprovinces may be interpreted reasonably as a
stratotectonic terrane boundary.

The situation at the Quetico-Wawa boundary appears to
be different from that at the Quetico-Wabigoon boundary.
Long stretches of this subprovince join are a conformable or
moderately unconformable stratigraphic contact between
sedimentary and volcanic sequences, without significant
fault disruption or abrupt metamorphic contrast (Jirsa and
others, 1991; Borradaile and Spark, 1991). The style and
sequence of structures are essentially the same across the
boundary zone, and the pattern of finite strain is consistent
with a history of dextral transpression. Even where the
boundary is complexly faulted, as in the Vermilion district in
Minnesota (Sims, 1976), strong correlations can be made in
the structural sequence developed in the abutting Quetico
and Wawa terranes (Bauer, 1985a, Bauer and Bidwell,
1990). Differences in structural style and fabric development
are ascribable to differences in the depth and metamorphic
environment under which deformation occurred on opposite
sides of the faulted boundary zone (deeper to the north, in the
Quetico). The Quetico and Wawa subprovinces thus appear
to have been a coherent entity through much of their defor-
mational history. Faulting in and near the subprovince join is
interpreted as a late manifestation of transpressional shear
strain that was concentrated in narrow zones of high compe-
tency contrast between sequences of volcanic and sedimen-
tary rock. The Quetico-Wawa subprovince boundary is not a
fundamental stratotectonic terrane boundary (Bauer and oth-
ers, 1992).

WAWA SUBPROVINCE

Recent work in the Wawa subprovince in Minnesota
has led to the conclusion that dextral transpression was the
mechanism responsible for the observed style and sequence
of structures formed in the main period of deformation and
fabric development (Hudleston and others, 1988; Bauer and
Bidwell, 1990; Bauer and others, 1992). Folds produced
during D, are tight to isoclinal, and have steep, northeast-
striking axial surfaces and hinges that plunge variably but
systematically to the east or west. The F, folds display a
prominent axial-plane cleavage (S;) and lineation (Lj);
these vary regionally in their relative development. The
observable strain during this complex D; event was strongly
partitioned into east-trending zones where the strain was
largely constrictional and other, parallel zones where the
strain was mainly flattening (Schultz-Ela and Hudleston,
1991). To produce the observed pattern of variation in the
symmetry of strain, and the observed fluctuation in maxi-
mum stretch from west to east plunges, requires deformation
under conditions of noncoaxial shear. The required shear
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was concentrated in zones of weak, thin-bedded metasedi-
mentary strata that are interdigitated with stronger, less
deformable sequences of relatively massive metavolcanic
rock. The fault zones at the north margin of the subprovince
(discussed briefly in the preceding section) are interpreted as
a late manifestation of this overall deformation plan.

A nagging problem in the Vermilion district (northern
Wawa subprovince) has been the nature of the F; folding.
Although F| folds have long been recognized (Hooper and
Ojakangas, 1971; Sims, 1976; Hudleston, 1976; Ojakangas
and others, 1978; Sims and Southwick, 1980, 1985;
Hudleston and others, 1988), their size, morphology, orien-
tation, and tectonic significance have been subjects of con-
tinuing uncertainty and debate. Substantial evidence now
exists to support the following inferences about the Fy event:
(1) The larger F; structures have dimensions on the scale of
kilometers. This is indicated by the large areas of the western
Vermilion district within which easterly plunging F; folds
face downward and westward in the S, cleavage (Jirsa and
others, 1992), which requires that the stratigraphic sequence
was inverted over large areas prior to F» folding. Such broad
areas of inverted stratigraphy imply the existence of Fy fold
nappes and extensive preservation of their inverted lower
limbs. (2) Outcrop-scale F| folds occur chiefly in sequences
of thin-bedded sedimentary rocks (iron-formations; medial
to distal turbidite sequences). Their morphology comprises
tight to isoclinal folds of diverse shapes and styles that are
suggestive of soft-sediment origin, sheath folds, and zones of
complex fold interference. Axial-planar fabric is weak or
absent. Most of the interference structures, including all
those interpreted as sheath folds, are wholly D in origin and
are not the result of superposition of F, folds on F; folds.
Removal of the D5 strain (Schultz-Ela and Hudleston, 1991)
does not remove the sheath folds. (3) Basalt-cored anticlines
southeast of the Leech Lake stratotectonic disconformity
(fig. 3; also, Jirsa and others, 1992} are regional F; structures
in which sequences of relatively massive metavolcanic rocks
are overlain by massive to thin-bedded sedimentary strata.
The accommodation of the massive rocks in the cores to
folding under conditions that did not produce a fabric in
overlying sedimentary strata must have involved brittle slip
on numerous fractures, and further implies that many, if not
most, of the contacts between the volcanic and sedimentary
sequences in these anticlines were decollements. Field study
affirms that many of these contacts are indeed slip surfaces
(Southwick, 1991a), but the time at which shearing occurred
(D1, Dy, or both) has not been resolved.

The current working hypothesis for Fy folding in the
Minnesota part of the Wawa subprovince is that it was a con-
sequence of subduction. The folds are thought to have
formed at a moderate depth in an accretionary wedge where
sedimentary materials were unlithified, probably wet, and
capable of deforming by boundary-slip processes (MacKay
and Moore, 1990; DiTullio and Byrne, 1990). More massive
and drier volcanic rocks in the same environment would
have deformed also by internal slip on pillow margins, frag-
ment boundaries, and other primary and secondary fracture
surfaces. Slip on the various surfaces may have been eased
by the incipient growth of secondary hydrous minerals (clay
minerals and chlorite, particularly) along them.

The structures observed in the isolated Ishpeming
greenstone belt in Upper Michigan are comparable to those
in the Minnesota segment of the Wawa subprovince, but they
differ in detail (Johnson and Bornhorst, 1991). In Michigan,
the first folds (F;) are recumbent structures that have a strong
axial-planar fabric and involve rocks that locally record
amphibolite-facies metamorphism. Therefore, F) folds evi-
dently formed at deeper levels in Michigan then they did in
Minnesota, if in fact they are strictly correlative structures.
The F, folds in Michigan, as in Minnesota, are upright and
somewhat oblique to F. A strong tendency exists for Fj
folds to exhibit Z-asymmetry, which suggests that a
component of dextral shear may have been involved in their
formation.

The principal new finding with regard to the strati-
graphic evolution of Archean volcanic sequences in the Lake
Superior region is the recognition of a fundamental stratotec-
tonic disconformity in the midst of a succession formerly
viewed as conformable, in the Wawa subprovince of north-
ern Minnesota (Jirsa and Boerboom, 1990; Jirsa and others,
1992). This break (LLSD, fig. 4) is apparently a stratigraphic
hiatus that later became a favored zone for faulting. It sepa-
rates volcanic sequences of contrasting composition. Rocks
south of the break comprise a geochemically evolved mafic
sequence and a thick dacitic sequence that is in part pyroclas-
tic and in part epiclastic. Mafic rocks north of it are as a
whole more primitive geochemically, and the proportion of
dacitic material in the volcanic sequence is substantially
smaller. Structural contrasts across the break also are evi-
dent. The large, recumbent F; folds just discussed are prom-
inent south of it, whereas the rocks on the north side appear
to have been imbricated by faulting prior to (and during) D5,
without extensive development of early fold nappes.

Perhaps the most significant aspect of this newly recog-
nized disconformity is its large regional extent. It can be
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traced geophysically for a strike length of more than 430 km
in Minnesota (figs. 3, 4), and therefore it is a major element
that must be taken into account in tectonic syntheses and eco-
nomic evaluation of the subprovince.

The *‘quiet zone” at the south margin of the Wawa belt
has received scant attention since its original recognition in
aeromagnetic data (Chandler and Southwick, 1990). The few
samples retrieved from beneath thick glacial cover in this
area (Southwick and others, 1986; 1990) are rock types that
are well known in the Wawa subprovince. However, they
have undergone a feeble alteration process that has produced
much secondary epidote, albite, and quartz, and has con-
sumed oxides and primary mafic silicates. The extent, cause,
and significance of this regional propylitization remain
intriguing questions.

CONCLUSIONS

1. The subprovince concept as devised by Card and
Ciesielski (1986) and Card (1990) for subdividing the Supe-
rior province of the Canadian Shield is a useful frame of ref-
erence in which to describe and interpret the Archean rocks
of the United States segment of the Lake Superior region.
The concept is especially applicable to the Archean terranes
of Minnesota.

2. Structural observations indicate that the main Late
Archean deformational events throughout the southern Supe-
rior province developed in a regime of dextral transpression.
Deformation was diachronous in Canada, and in a general
way progressed from north to south as a function of time
(Card, 1990, and references therein). This pattern of south-
ward tectonic younging has not yet been confirmed by
detailed geochronology in the United States.

3. The Quetico-Wabigoon subprovince boundary in
Minnesota is a zone of large-scale dextral faulting across
which neither rock sequences nor metamorphic grade corre-
late. Although structural sequences and styles are similar on
either side of the boundary, geochronologic data indicate that
deformation was not synchronous. Thus, the Quetico-Wabi-
goon boundary can be interpreted as a boundary between
stratotectonic terranes.

4. The Quetico-Wawa subprovince boundary is not
everywhere a fault contact, although major faults do lie on it
or near it in many places. Structural sequences and strain
patterns are consistent with synchronous dextral transpres-
sion across the boundary zone. Differences in the develop-
ment of Dy fabric on either side of the boundary are

reasonably attributed to differences in the depth and meta-
morphic environment during F; folding. Compelling evi-
dence is lacking that the Quetico-Wawa join represents a
boundary between stratotectonic terranes.

5. Although it probably was deformed by dextral
transpression together with its surroundings, the interior of
the Quetico subprovince records little evidence of shear
strain. Failure to record shearing is attributed to the mechan-
ical consequences of episodic but extensive emplacement of
granitic material into the core of the Quetico subprovince
through much of its tectonic evolution.

6. Early folding (F}) in the Minnesota segment of the
Wawa subprovince was recumbent in style and occurred at
shallow levels under conditions where deformation took
place mainly by grain boundary slip. Later upright folding
(F») produced strong deformation fabrics under deeper
seated metamorphic conditions. The larger F; folds are of
kilometer and larger size and determine the distribution of
rock units in the Vermilion district and its southwestward
extensions. Fy folding preserved in the Ishpeming belt in
Michigan apparently took place at greater depths than the F|
folding in northeastern Minnesota.

7. A major stratotectonic disconformity in the Wawa
subprovince of Minnesota separates two belts of contrasting
volcanic stratigraphy and early-stage structural evolution.
Large F, folds are developed south of the disconformity, in
mafic rocks of evolved petrochemistry and in associated sed-
imentary sequences of dacitic provenance. The belt north of
the disconformity lacks large F; structures and includes vol-
canic units that are, as a whole, less evolved geochemically.

8. The Vermilion fault in northern Minnesota is a rel-
atively young Archean structure that is oblique to lithologic
contacts along much of its trace, and offsets the traces of
other faults (Haley, Rainy Lake—Seine River) that have duc-
tile or ductile-brittle attributes. It is not a terrane-bounding
structure.

9. The “quiet zone” at the south edge of the Wawa belt
is a zone in which weak hydrothermal alteration has occurred
on a regional scale. The alteration event is neither well char-
acterized nor clearly understood. The Great Lakes tectonic
zone at the south margin of the quiet zone is the complex
bounding surface between terranes of distinctly different
rock type, structural style, and tectonic history as recorded
geochronologically. Therefore, the Great Lakes tectonic
zone meets the criteria for a stratotectonic terrane boundary.
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MINNESOTA RIVER VALLEY SUBPROVINCE (ARCHEAN GNEISS TERRANE)

By P.X. Sims

Rocks assigned to the Minnesota River Valley subprov-
ince, previously called the Archean gneiss terrane, form a
substantial part of the basement of southwestern Minnesota
(Chandler and Southwick, 1990; pl. 1), south of the Great
Lakes tectonic zone. They are exposed in the Minnesota
River Valley, where erosion has cut below a thin cover of
Cretaceous sedimentary rocks (Grant, 1972; Bauer and Him-
melberg, 1993). Scattered exposures of these Archean
gneissic rocks occur elsewhere in east-central Minnesota,
northern Wisconsin, and the Upper Peninsula of Michigan,
mainly in the cores of gneiss domes or uplifted fault blocks
that owe their exposure to Early Proterozoic Penokean defor-
mation. Presumably these gneisses formed a continuous
crust (protocontinent) of wide areal extent prior to Early Pro-
terozoic continental rifting and the younger Middle Protero-
zoic rifting that formed the Midcontinent rift system.
Archean gneisses exposed in central Wisconsin (Sims and
others, 1989), in the Early Proterozoic Marshfield arc terrane
(of Wisconsin magmatic terranes), are not contiguous with
the larger crustal segment. This segment (mini-continent)
was rafted in with arc crust during continent-arc conver-
gence in the Early Proterozoic Penokean orogeny.

SOUTHWESTERN MINNESOTA

The gneissic rocks of the Minnesota River Valley sub-
province are best represented by outcrops in its largest and
most coherent part, the Minnesota River Valley; they consist
of complex migmatitic felsic gneisses, local schistose to
gneissic amphibolite, and lesser metagabbro and metasedi-
mentary gneiss. Most of the rocks are older than 3,000 Ma
and have undergone a protracted history of multiple defor-
mation and metamorphism that culminated prior to emplace-
ment of the 2,600 Ma late- to post-tectonic Sacred Heart
Granite.

Recent geophysical studies of these southwestern Min-
nesota Archean gneisses have shown that they constitute
four major blocks (pl. 1) of different age, rock types, and
metamorphic grade, and that geophysical boundaries
between blocks are probably faults that dip northward
(Chandler and Schaap, 1992). Possibly these blocks were
accreted separately at different times.

In all four blocks (pl. 1), felsic gneisses are the most
abundant rock type. In the Morton block, the gneiss is a
tonalitic to granodioritic migmatite derived from igneous
protoliths and intruded by several types of granitic
gneisses. In the Montevideo block, three types of felsic
gneiss exist: (1) banded granodiorite gneiss, (2) coarse-
grained granite gneiss, and (3) medium-grained granite

gneiss. Biotite-garnet gneiss of graywacke derivation in the
Montevideo block also contains orthopyroxene, quartz, pla-
gioclase, and minor potassium feldspar and cordierite
(Grant, 1972; Moecher, 1984).

The principal Archean granitoid rock, the Sacred Heart
Granite (Lund, 1956), cuts the gneisses and is virtually unde-
formed. It is typically pink, medium grained, and homoge-
neous to weakly foliated. It has a Pb-Pb age of 2,605£0.006
Ma, and its lead isotope characteristics are typical of meso-
zonal late-tectonic plutons (Doe and Delevaux, 1980).
Although sparsely exposed in the Minnesota River Valley,
granitoid rocks are moderately abundant in the covered base-
ment, as determined from drilling (Sims, 1990d). Associated
gneisses penetrated by drilling in covered areas are litholog-
ically similar to those exposed in the river valley (Southwick
and others, 1988).

The gneisses in the Minnesota River Valley are polyde-
formed (Bauer and Himmelberg, 1993). The dominant folia-
tion (S1) is folded by small-scale folds (Fy), but the dominant
folds—large-scale, upright antiforms and synforms that
plunge gently east—are F; structures. Bauer (1980) has rec-
ognized minor F3 and F4 folds in the Montevideo block.
Small, conjugate ductile shear zones in the Montevideo
block postdate the F3 folds.

The gneisses throughout the Minnesota River Valley
were generally metamorphosed under the same high-grade,
granulite-facies conditions (Himmelberg and Phinney, 1967;
Grant, 1972). Geothermobarometry from throughout the val-
ley yields temperatures of 650-750 °C and pressures of
4.5-7.5 kbar (Leier and Perkins, 1982; Perkins and Chip-
pera, 1985; Moecher and others, 1986). Moecher and others
considered 700£50 °C and 6.0£1.5 kbar to be the best esti-
mate for peak granulite-facies metamorphic conditions; they
attributed the variations to reequilibration of assemblages
with falling temperatures and to differences among calibra-
tions applied. From those data, Moecher and others calcu-
lated a Late Archean geotherm of 32 °C/km for the
Minnesota River Valley.

Retrograde mineral assemblages of amphibolite and
greenschist facies are locally common in the gneisses. The
retrogression possibly resulted from discrete lower grade
metamorphic events.

Extensive geochronologic investigations by S.S. Gold-
ich and colleagues have defined four major events, although
Rb-Sr and U-Pb systems have been disturbed (Goldich,
Hedge, and others, 1980; Goldich and Wooden, 1980). The
intrusive protolith of the tonalite-granodiorite gneisses is
=3,500 Ma, high-grade metamorphism of these gneisses at
=3,050 Ma was followed by high-grade metamorphism at
~2,600 Ma, followed by emplacement of the Sacred Heart
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Granite. In the Early Proterozoic, a low-grade thermal event
at =1,840 Ma (Doe and Delevaux, 1980; Goldich and others,
1970) was accompanied by the emplacement of small mafic
to felsic 1igneous bodies.

An isotopic age (2,624+57 Ma) of tonalitic basement
gneiss in the eastern part of the Jeffers block (pl. 1), together
with a Sm-Nd model age (=2,700 Ma) on the same sample,
suggests that the gneisses in this southerly block are Late
Archean and formed from a crustal source that separated
from the mantle in the Late Archean (Southwick and others,
1994). Because this gneiss (gneissic tonalite) shows no evi-
dence that it interacted with 3,600 Ma continental crust,
Southwick and others (1994) have suggested that the Morton
block may comprise the southernmost segment of Early
Archean crust and the Jeffers block may comprise Late
Archean crust.

Differential uplift of the Archean gneisses of south-
western Minnesota during the Early Proterozoic is indicated
by K-Ar and Rb-Sr biotite ages (Goldich and others, 1970).
Biotite from gneisses in the Montevideo and Benson blocks
(pl. 1) has ages of about 1,850 Ma, which is approximately
the same age as a small granite pluton in the same area (Sec-
tion 28 granite of Goldich and others, 1970). Biotite ages
from gneisses in the Morton block, however, range from
2,580 to 2,300 Ma, indicating that this block stabilized
before 2,300 Ma. Uplift of the Montevideo and Benson
blocks in Early Proterozoic time presumably took place
along the fault that separates the Montevideo and Morton
blocks (pl. 1); it probably was caused by compressive tec-
tonism during the Penokean orogeny.

PENOKEAN GNEISS DOMES AND FAULT BLOCKS

The Archean gneiss exposed in the cores of Early Prot-
erozoic (Penokean) gneiss domes and uplifted fault blocks is
more diverse lithologically and temporally than the gneisses
in southwestern Minnesota and includes supracrustal rocks
of definite Late Archean age. Except for the Watersmeet
dome (loc. 4, fig. 5), rocks older than 3,000 Ma have not
been found. Another difference is the extensive reworking of
the gneisses during the Penokean deformation that produced
the gneiss domes at Watersmeet, Mich. (4, fig. 5), and
McGrath, Minn. (1, fig. 5). In contrast, the fault-bounded
uplifts in northern Michigan, such as the southern complex
of the Marquette district (loc. 6, fig. 5) were virtually unde-
formed during the Penokean orogeny. Cannon (1973) first
pointed out that Early Proterozoic metagabbro dikes that cut
gneisses in the southern complex are undeformed, and sub-
sequent strain analysis studies (Cambray, 1984) have con-
firmed this observation. A summary of the lithology,
structural characteristics, and age of Archean gneisses in the
domes and fault uplifts is given in table 1.

EAST-CENTRAL MINNESOTA

East-central Minnesota contains poorly exposed
gneisses, some of which at least are Archean in age, and sev-
eral types and ages of granitoid rocks of Early Proterozoic
age. Except for the McGrath Gneiss of definite Archean age
(loc. 1, fig. 5), the metamorphic and granitoid rocks are
included in unit XAi in figure 5 and on plate 1.

The McGrath Gneiss comprises a well-documented
gneiss dome flanked by metamorphosed supracrustal rocks
assigned to the Early Proterozoic Denham Formation
(Morey, 1978; Holm, 1986). It dominantly comprises a
pinkish-gray medium- to coarse-grained, locally migmatitic
quartzofeldspathic augen gneiss. Both ductile and brittle
structures are widespread in the gneiss, and ductile deforma-
tion is particularly well developed along the contact between
the gneiss and the overlying supracrustal Early Proterozoic
rocks. The McGrath Gneiss has a Rb-Sr whole-rock isochron
age of =2,700 Ma (Stuckless and Goldich, 1972; Keighin
and others, 1972). Biotite ages (both Rb-Sr and K-Ar meth-
ods) from cataclastic zones in the gneiss are similar to a Rb-
Sr whole-rock age of 1,740-1,730 Ma for Early Proterozoic
rocks in the area (Keighin and others, 1972), indicating that
the doming and attendant ductile and brittle deformation
took place in Early Proterozoic time.

The Hillman Migmatite, included in unit XAi (fig. 5),
also is interpreted as a dome (or domes), particularly in the
immediate vicinity of relatively large Early Proterozoic
intrusions (Southwick and others, 1988). The paleosome of
the migmatite consists dominantly of dark-gray, fine- to
medium-grained biotite-garnet-cordierite schist, hornblende
schist, and metagraywacke, probably mainly of sedimentary
origin (Dacre and others, 1984). The neosome is a gray,
medium- to coarse-grained, vaguely foliated equigranular
tonalite that is conformably interlayered on various scales
with the paleosome. The age of the Hillman is uncertain; it
could be Archean, Early Proterozoic, or a mixture of the two
(Morey, 1978). Goldich and Fischer (1986) obtained a U-Pb
zircon age of 1,869+5 Ma on a relatively massive foliated
tonalite that intrudes the Hillman Migmatite, but this tonalite
is not necessarily the same age as the tonalitic neosome in the
migmatite, as inferred earlier by Goldich and Fischer (1986).

Other gneissic units in east-central Minnesota of possi-
ble Archean age are the Richmond Gneiss of Morey (1978)
and the Sauk Rapids Metamorphic Complex of Morey
(1978). The Sartell Gneiss of Morey (1978) (of the Sauk
Rapids Metamorphic Complex) contains mineral assem-
blages (orthopyroxene, garnet, and cordierite) diagnostic of
the granulite facies. Mineral-pair thermobarometry suggests
an approximate temperature and pressure of metamorphism
of 800 °C and 5.1 kbar (Dacre and others, 1984). Although
1sotopic ages are lacking for the gneisses, the granulite-
facies metamorphism coupled with the presence of relatively
low pressure cordierite in the rocks favors an Archean age
for these gneisses. Alternatively, the gneisses could be
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foliated granitoids are mostly granodiorite, but locally are
tonalite and granite (Cannon and Simmons, 1973) that have
a prominent secondary foliation (S;). In one rock type (Bell
Creek Gneiss), the foliation is expressed by aligned micro-
cline megacrysts, but in other rock types it is mainly
expressed by shears along which micaceous minerals are
aligned. In places a subtle compositional layering is parallel
to the foliation. The migmatite and banded gneisses have a
prominent compositional layering of (1) coarse- to medium-
grained tonalite and granodiorite, (2) amphibolite, and (3)
dark-colored biotite-rich quartzofeldspathic rocks. In the
migmatite, the leucosome is granitic in composition and
partly discordant to the foliation. At several localities, lenses
of highly metamorphosed iron-formation containing gruner-
ite, iron-rich orthopyroxene, clinopyroxene, garnet, magne-
tite, and quartz occur in mafic rocks (Cannon and Simmons,
1973).

In the northwest nose of the antiformal structure, Taylor
(1967) determined two principal phases of Archean defor-
mation: (1) early, probably flat-lying folds with axial planes
(Sy) trending northeastward, and (2) younger upright folds
having steep northwest-trending axial surfaces. F; structures
are observed only in the migmatite and banded gneisses. F
mainly controls the distribution of the rock units, and the
axial-plane foliation (S;) is the most prevalent structure in
the rocks.

In the area south of Marquette (fig. 8), compositionally
layered medium-grained gneiss and migmatite are the domi-
nant rock types in the gneiss terrane (Sims, 1991a). The lay-
ered gneisses range in composition from tonalite to granite
and contain variable amounts of interlayered medium-
grained ampbhibolite. The layering and compositions indicate
a probable metavolcanic origin for those rocks. Pink aplitic
granite and granite pegmatite commonly transect the felsic
gneiss and amphibolite and locally form migmatite. A
pinkish-gray, medium-grained, massive to weakly foliated
granite, informally called the “Tilden granite” (Hammond,
1978), intrudes the gneisses at places. It is similar in
composition and texture to the Sacred Heart Granite.

In the Marquette area, early gently inclined to recum-
bent folds oriented northwestward plunge gently to

moderately northward and are the dominant structure in the
gneisses (Sims, 1991a). A younger steep, northwest-oriented
foliation (Sims, 1993) such as that present in the Republic
area has been recognized only locally in the area, although
reversals in the dip of the foliation suggest the existence of
broad, open, younger northwest-oriented folds. The folding
and metamorphism preceded emplacement of the Tilden
granite of Hammond (1978).

A sample of gray tonalitic gneiss from the Marquette
area has a U-Pb zircon age of 2,779+21 Ma and a lower inter-
cept age of 802+76 Ma (Hammond, 1978; recalculated by
Zell E. Peterman). A sample of the Tilden granite of Ham-
mond (1978) has a U-Pb zircon age of 2,585+15 Ma (R.E.
Zartman, written commun., 1991).

TECTONIC ENVIRONMENT

The gneiss domes and uplifts occur within a 70-km-
wide 500-km-long east-west belt north of the Niagara fault
zone (pl. 1; fig. 5), and resulted from collision of the rifted
passive margin and the Early Proterozoic Pembine-Wausau
terrane of the Wisconsin magmatic terranes. The belt com-
prises most of the fold-and-thrust belt of the Penokean orog-
eny, and is characterized by mainly south dipping, north-
verging thrust faults (Attoh and Klasner, 1989; Klasner and
Sims, 1993; Gregg, 1993). As discussed by Attoh and Klas-
ner (1989), tectonic stacking on Archean continental crust
could have caused the heating required for melting and remo-
bilization of gneissic basement, as especially well mani-
fested by the Watersmeet dome. Pressure-temperature
indicators in the Watersmeet dome require a depth in excess
of 25 km for the metamorphism.

Gregg (1993) has compared the foreland fold-and-
thrust belt in northern Michigan with that in the Northern
Appalachians, pointing out that the progression from parau-
tochthonous rocks at the northern tectonic front, to the gneiss
domes (metamorphic core complexes), and finally to the
Niagara suture shows an arrangement remarkably similar to
that of the Northern Appalachians.
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GREAT LAKES TECTONIC ZONE

By PK. Sims

The Great Lakes tectonic zone (GLTZ) is an Archean
crustal boundary of subcontinental length that separates the
Minnesota River Valley subprovince from the Wawa sub-
province (Superior province) on the north (Sims and others,
1980). Thus, it separates the gneiss terrane of our earlier ter-
minology from arc-related volcanoplutonic (greenstone-
granite) rocks in the southern part of the Superior province.
The GLTZ is interpreted as a paleosuture resulting from con-
tinent-continent collision. At most places in the Great Lakes
region, the tectonic zone is covered by Proterozoic rocks or
Pleistocene glacial deposits, and its position and characteris-
tics previously have been determined mainly by geophysical
data. Recent geologic mapping, however, of an exposed seg-
ment of the GLTZ in northern Michigan (Sims, 1991a, 1993)
has indicated for the first time the kinematics of the struc-
ture. Collision along the GLTZ possibly can account for the
dextral transpression (Hudleston and others, 1988; Schultz-
Ela and Hudleston, 1991) imposed on rocks of greenstone-
granite affinity to the north of the GLTZ in the Lake Superior
region (Sims and Day, 1992, 1993).

The boundary between gneiss and greenstone-granite
terranes was first recognized in Minnesota (Sims and
Morey, 1973; Morey and Sims, 1976) from regional geo-
logic relations (fig. 9). This Minnesota segment of the
boundary was named the Morris fault (Gibbs and others,
1984; Sims and Day, 1992, p. M7, fig. 4). Differences in
rock types, degree of metamorphism, structure, age, and ori-
gin indicated that the two basement terranes had vastly dif-
ferent geologic histories and probably had evolved
separately. These unique differences were established as the
basis for distinguishing the two major terranes. The position
of the boundary was determined primarily by regional grav-
ity and magnetic data. Later (Sims, 1980), the boundary was
approximately delineated in the western part of Upper
Michigan (Sims and others, 1984) and northwestern Wis-
consin (Sims, Peterman, and others, 1985), on the east side
of the Middle Proterozoic Midcontinent rift system. In a still
later report, the boundary was named the Great Lakes tec-
tonic zone, and it was inferred on indirect evidence to
extend eastward from the Lake Superior region through the
Sudbury structure in Ontario, where it is truncated by the
Middle Proterozoic Grenville front tectonic zone (Sims and
others, 1980). More recently, the Great Lakes tectonic zone
was delineated in the subsurface from western Minnesota
into central South Dakota, where it is truncated by the Early
Proterozoic Trans-Hudson orogen (Sims and others, 1991).
The aggregate length of the GLTZ, as defined in the various
published reports, is about 1.400 km.

The boundary between subprovinces (GLTZ) has been
variously interpreted as a narrow structural zone (Morey and

Sims, 1976) and as a broad zone as much as 50 km wide
(Southwick, 1980; Sims and others, 1980; Gibbs and others,
1984), which would include the so-called quiet zone (unit
Whvq of pl. 1). Further, because the boundary in the Mare-
nisco-Watersmeet area of Upper Michigan coincides with a
broad belt of distinctive tectonism in the younger Early Pro-
terozoic supracrustal rocks, the term GLTZ was used to
include the Early Proterozoic (Penokean) deformation as
well as the Archean (Sims and others, 1980). This broader
usage was continued in a later, detailed publication on the
Marenisco-Watersmeet area (Sims and others, 1984). For
reasons stated following, however, the GLTZ is now
believed from outcrop data to be a relatively narrow Archean
structure, characterized by mylonite, that formed in Late
Archean time, and although it was locally reactivated in the
Early Proterozoic, as it was in the Marenisco-Watersmeet
area, it should be considered as an Archean structure.

NATURE OF GREAT LAKES TECTONIC ZONE

The Great Lakes tectonic zone in the exposed area
south of Marquette, Mich. (fig. 9), is characterized by a
mylonite zone about 2.2 km wide that separates Late
Archean greenstone-granite rocks from Archean gneisses;
the mylonite has been superposed on previously deformed
and metamorphosed dominantly granitoid rocks of the
Wawa subprovince and layered gneisses of the Minnesota
River Valley subprovince (Sims, 1991a). The presence of
mylonite, the approximately 2 km width of the zone, and the
juxtaposition of greenstone-granite and gneiss terranes dis-
tinguish the GLTZ from other less significant ductile-brittle
shear zones and faults within the Superior province rocks of
the area.

In the Marquette area, foliation in the mylonite strikes
N. 70° W. and dips 75° SW. The strike is about 10°-15°
more westward than the shear zone walls (Sims, 1993). A
pronounced rodding (stretching) lineation in the mylonite
expressed mainly by comminuted and recrystallized quartz
and quartz-feldspar aggregates plunges an average of 42° in
a S. 43° E. direction. Hinges of tight (sheath) folds plunge
subparallel to the stretch lineation.

The attitude of the stretching lineation (line of tectonic
transport and X finite strain axis) in the mylonite together
with asymmetric structures indicative of sense of movement
indicates that collision in the Marquette area was oblique,
resulting in dextral-thrust shear along the boundary and
northwestward vergence and probable overriding of the
Wawa subprovince by the gneiss of the Minnesota River
Valley subprovince (Sims, 1991a). This implies southward
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Figure 10. Line drawing of COCORP north-south seismic-reflection

profile, Minnesota line 3. These are time sections. Modified from

Gibbs and others, 1984, figs. 4, 6. Dots, Morris fault, reinterpreted position of Great Lakes tectonic zone by Sims and Day (1993). Green-
stone-granite terrane is now called Wawa subprovince; gneiss terrane is now called Minnesota River Valley subprovince.

narrow, south-dipping high-strain zone, and (2) analogy with
seismic-reflection profiles in the greenstone terrane of the
Abitibi subprovince to the northeast in Ontario and Quebec
(Jackson and others, 1990; Clowes and others, 1992).

In the Abitibi belt, relatively flat seismic reflectors
characterize the upper 12 km of greenstone crust (Jackson
and others, 1990, fig. 2). These reflectors resemble those in
the greenstone crust of Minnesota in being discontinuous
and having variably oriented shallow dips. The reflectors in
the Abitibi subprovince are truncated and in part offset by
major regional, steeply dipping ductile-brittle shear zones,
such as the Destor-Porcupine fault, which because of small
acoustic impedance contrasts and steep dips are transparent
in seismic profiles. The shallow-dipping reflectors are inter-
preted by Jackson and others (1990) as layering and (or) tec-
tonic high-strain features, perhaps low-angle faults that
produced an “out of sequence” stratigraphy revealed by U-
Pb geochronology (Corfu and others, 1989).

Sims and Day (1992, 1993) have proposed that the
shallow-dipping seismic reflectors in the greenstone crust of
central Minnesota probably represent recumbent folds of
layered rocks, such as those that characterize the greenstone-
granite terranes in outcropping areas in northern Minnesota
and Michigan, and perhaps related axial-plane(?) faults. The
zone of prominent north-dipping reflectors earlier inter-
preted as possibly being the GLTZ (Gibbs and others, 1984)
could be an uncommonly continuous zone of well-defined

layering. Further, Sims and Day interpreted the steep south-
east-dipping fault near station 500 on seismic line 3 (fig. 10),
delineated by Gibbs and others (1984) from their analysis of
the seismic data, as the GLTZ. This structure is transparent
in the seismic profiles, like the shear zones in the Abitibi
belt, and has the local name, Morris fault (Gibbs and others,
1984, fig. 2). Surface-wave focal plane determinations of a
recent earthquake near Morris, Minnesota (Hermann, 1979),
indicate a probable southward dip (=70°) for the Morris
fault. This attitude for the structure is consistent with the
observed dip of the GLTZ in Michigan (Sims, 1991a, 1993),
as well as with northward vergence on the structure. Also,
the apparent narrowness of the Morris fault in Minnesota is
consistent with the =2-km-wide mylonite zone in the
exposed segment in Michigan.

REACTIVATION OF TECTONIC ZONE

The northeast-trending segments of the GLTZ, as rep-
resented by the Marenisco segment (fig. 9), were strongly
reactivated during Early Proterozoic (Penokean) deforma-
tion, whereas the northwest-trending segments apparently
were little disturbed by Penokean tectonism. In the Mare-
nisco-Watersmeet area, Michigan (Sims and others, 1984),
Penokean deformation produced open to tight northeast-
trending folds overturned to the northwest in Early
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Proterozoic layered rocks. A southeast-dipping axial-plane
foliation was superposed on previously deformed rocks of
Late Archean age along the south margin of the greenstone-
granite terrane (Wawa subprovince). The Early Proterozoic
structures are nearly parallel to the Archean structures and to
the orientation of the GLTZ. Gneiss doming (Watersmeet
dome) accompanied the Early Proterozoic deformation and
took place in the interval 1,800-1,750 Ma. All the Archean
rocks in the Watersmeet dome were deformed and metamor-
phosed during the Penokean event and Rb-Sr whole rock and
mineral systems in all the rocks were reset at about 1,750
Ma. The vergence of the regional Penokean folds in the Pro-
terozoic rocks indicates a northwest-oriented maximum
compressive stress, which is virtually parallel to the direc-
tion of tectonic transport during Late Archean suturing.

In contrast, the northwest-oriented segments of the
GLTZ show little geologic or isotopic evidence for Early
Proterozoic tectonism. Studies of Archean rocks in north-
western Wisconsin, along and adjacent to the Wisconsin seg-
ment of the GLTZ (Sims, Peterman, and others, 1985),
showed that Late Archean deformation produced a west-
northwest-oriented foliation and gently plunging fold axes,
mainly to the southeast; a younger deformation, largely brit-
tle faulting, was accompanied by retrogressive metamor-
phism. The younger deformation took place during
Keweenawan rifting at =1,050 Ma, as indicated by Rb-Sr
isochron age data. Evidence for Early Proterozoic
(Penokean) deformation and metamorphism is lacking. In
the same way, evidence for superposed Early Proterozoic
deformation along the Marquette segment of the GLTZ is
absent except for those Archean rocks in and immediately

adjacent to the Marquette syncline (fig. 9). The Marquette
syncline truncates structures in the Archean basement.

The strong reactivation of Archean rocks along the
northeast-trending segments of the GLTZ and the virtual
absence of either geologic or isotopic evidence for reactiva-
tion along the northwest-trending segments together suggest
that the orientation of the GLTZ had a major influence on the
local intensity of the Penokean tectonism. Where the GLTZ
was oriented about perpendicular to the Early Proterozoic
maximum compressive stress, as in the Marenisco segment,
the basement was strongly reactivated and Early Proterozoic
folds formed parallel to the trend of the GLTZ. Where the
GLTZ is oriented approximately parallel to the Early Prot-
erozoic maximum compressive stress, the Archean structure
impeded the development of Early Proterozoic folds and
related structures.

Some geologic evidence indicates that the GLTZ has
been intermittently active in post-Penokean time. In Minne-
sota, there are poorly documented changes in the thickness
of Upper Cretaceous marine sedimentary rocks across the
GLTZ, and corresponding changes in the attitude of the sub-
Cretaceous unconformity (Shurr, 1980; Dutch, 1981a; Set-
terholm, 1990). These data suggest mild vertical tectonism in
Late Cretaceous to Tertiary time. Finally, the recent seismic
history of Minnesota suggests that the GLTZ is a continuing
locus of low-level stress release in the continental crust
(Mooney, 1979), although some uncertainties exist ds to the
seismogenic role of the GLTZ itself (Chandler and Morey,
1989). Chandler and Morey (1989) have suggested that the
principal epicenters are more likely related to structures,
mainly trending northwestward, that are younger than the
Morris fault (GLTZ).

EARLY PROTEROZOIC PENOKEAN OROGEN

By P.K. Sims

The Penokean orogen developed along the south mar-
gin of the Archean Superior craton during the Early Protero-
zoic, and now is known to extend at least from Minnesota
eastward across the north shore of Lake Huron to the Gren-
ville front (pls. 1 and 2). Because of past debate about possi-
ble correlations of the Early Proterozoic rocks of the Lake
Superior region and those of the Lake Huron region, this sub-
ject is reviewed briefly in this section.

In the Lake Superior region, the Penokean orogen com-
prises a deformed, south-facing, passive continental margin
assemblage overlying an Archean basement that is juxta-
posed with southern magmatic arc terranes termed the

Wisconsin magmatic terranes (fig. 11) (Sims and others,
1989). The juncture of the two terranes is the Niagara fault
zone in Michigan and Wisconsin and the Malmo discontinu-
ity in Minnesota (Southwick and Morey, 1991), which form
the southern limit of Archean crust known to be continuous
with the Superior craton. Suturing of the two terranes took
place at =1.85 Ga. Deformation was renewed in the Wiscon-
sin magmatic terranes about 1.84 Ga, when the Pembine-
Wausau and Marshfield terranes were sutured.

The continental margin assemblage in the Lake Supe-
rior region consists of the Marquette Range Supergroup in
Michigan and Wisconsin (Cannon and Gair, 1970) and the
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Mille Lacs, Animikie, and North Range Groups in Minne-
sota (Morey, 1983a,b; Southwick and others, 1988). They
comprise a lower rifted passive margin sequence over-
stepped northward by a synorogenic foredeep sequence
(Hoffman, 1987; Barovich and others, 1989; Southwick and
others, 1988). The Early Proterozoic deformation produced
a foreland fold-and-thrust belt that involved Archean base-
ment rocks (Klasner and Sims, 1993; Southwick and Morey,
1991) and the production of gneiss domes (Attoh and Klas-
ner, 1989; Gregg, 1993). The southern, magmatic terranes
consist of Early Proterozoic calc-alkaline and tholeiitic vol-
canic and calc-alkaline plutonic rocks, interpreted as island
arc and (or) back-arc basin deposits (Sims and others, 1989).

The Niagara fault zone is a broadly arcuate, convex-
northward system of north-verging ductile shears as much as
10 km wide (Sims, 1990b) that contains flattened, steeply
dipping rocks having down-dip stretching lineations (Larue
and Ueng, 1985, Sedlock and Larue, 1985; Sims and others,
1992). It contains a dismembered ophiolite and has been
interpreted as a paleosuture that juxtaposes the magmatic ter-
ranes on the south and the continental margin (Larue, 1983;

Schulz, 1987; Sims and others, 1989). Southwick and others
(1988) have equated the Malmo discontinuity in east-central
Minnesota with the Niagara fault zone.

The present consensus that the evolution of the
Penokean orogen involved a plate tectonic regime has
evolved from several studies during the past decade, and par-
ticularly from the evolutionary model of Schulz and others
(1993). Reports for the segment in Minnesota include Holst,
1984; Morey and Southwick, 1984; Southwick and others,
1988; Holm and others, 1988; Southwick and Morey, 1991;
and Holst, 1991, and reports for the segment in Upper Mich-
igan and Wisconsin include Van Schmus, 1976; Cambray,
1978; Larue, 1983; Sims and Peterman, 1983; LaBerge and
others, 1984; Schulz, 1984; Sims, Peterman, and others,
1985; Sims and others, 1987; Klasner and others, 1988;
Attoh and Klasner, 1989; Klasner and Sims, 1993; and
Gregg, 1993. Earlier models for the Penokean orogeny
emphasized intracratonic tectonism as a principal mecha-
nism (Cannon, 1973; Sims, 1976; Morey, 1979; Sims and
others, 1981), a logical extension of James’ (1954) ecarly
model that the Marquette Range Supergroup evolved from a
“stable-shelf” to a “geosynclinal” assemblage.

CONTINENTAL MARGIN ASSEMBLAGE

By G.B. Morey

INTRODUCTION

Supracrustal sequences of Early Proterozoic age in the
Lake Superior and Lake Huron regions constitute a discon-
tinuous linear foldbelt some 1,300 km long, which extends
from eastern Ontario into Minnesota along the south margin
of the Superior province of the Canadian Shield (fig. 12).
The sequences compose a major part of the so-called “South-
ern Province” of the Canadian Shield and are referred to here
as part of the Penokean orogen. The orogen is transected at
both ends of Lake Superior by the Middle Proterozoic Mid-
continent rift system and, in northeastern Ontario, by the
Late Proterozoic Grenville Front tectonic zone, which
largely obliterates the primary features of Early Proterozoic
rocks of the Grenville province.

From east to west the supracrustal sequences are the
Huron Supergroup and Whitewater Group in the Lake Huron
region of Ontario, the Marquette Range Supergroup in north-
ern Michigan and Wisconsin, and the Mille Lacs, Animikie,
and North Range Groups in Minnesota. All are composed
dominantly of epiclastic rocks, but subordinate volcanic and
hypabyssal intrusive rocks are present locally. The Lake

Superior region also contains appreciable chemical sedimen-
tary rocks, chiefly iron-formation, whereas the Lake Huron
region lacks iron-formation and contains several widespread
glaciogenic sequences not recognized in the Lake Superior
region. These differences have led to considerable contro-
versy regarding possible correlations between the two
regions.

The beds of iron-formation that crop out widely in the
Lake Superior region were formerly believed to represent a
unique temporal event that could be used to correlate isolated
sequences (for example, Van Hise and Leith, 1911). The idea
of a principal episode of iron-rich deposition persisted into
the 1980°s (for example, Morey, 1983b; Morey and Van
Schmus, 1988; and especially Morey, 1993). It was first chal-
lenged by the structural studies of Southwick and others
(1988) in Minnesota, who showed that the Penokean orogen
consists of two major components, an allochthonous fold-
and-thrust belt on the southeast and one or more tectonic
foredeeps on the northwest. The fold-and-thrust belt consists
of several discrete structural panels (or terranes) bounded by
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discontinuities that have small-scale features consistent with
large-scale northwest-verging nappes (Southwick and
Morey, 1991). The fold-and-thrust belt flanks a tectonic
foredeep which extended to the Mesabi range in northern
Minnesota and the Gunflint range in Ontario, the type local-
ity for the well-known Animikie Group. Because the fore-
deep is filled with strata assigned to the Animikie Group,
Southwick and others (1988) have referred to it as the
Animikie basin; this usage of “Animikie basin” is consider-
ably more restricted than that used in earlier literature
(Morey, 1983b; Morey and Van Schmus, 1988).

Barovich and others (1989) used Sm-Nd techniques to
show that the lower part of the Marquette Range Supergroup
in Michigan had a northern Archean cratonic provenance,
whereas the upper part had a southern Early Proterozoic vol-
canic provenance. Although the structural details are compli-
cated (Sims, “Structure of continental margin,” this volume),
the combined studies of Southwick and others (1988) and
Barovich and others (1989) show that the Penokean orogen
can be generally divided into an early extensional phase,
when sedimentary rocks, including iron-formation, were
deposited on an evolving continental margin, and a subse-
quent compressional phase, when these continental margin

deposits were folded and metamorphosed and partly overrid-
den by one or more northward-migrating foredeep basins
partly filled with iron-formation as well as detritus from a
newly formed island arc—the Wisconsin magmatic terranes
to the south. Finally, the island arc and the continental margin
were sutured together at about 1,850 Ma.

That iron-formation was deposited during both exten-
sional and compressional phases of the Penokean orogeny is
of stratigraphic significance and warrants a brief discussion
of this new Lake Superior region tectonic paradigm, which
has developed mainly over the last 5 years. A brief discus-
sion of the Early Proterozoic rocks in the Lake Huron region
also is included, principally because they have had a tectonic
history very similar to that of the Lake Superior region and
are indeed a part of the Penokean orogen (Young, 1983,
1991; Card, 1989).

LAKE HURON REGION
The Huron Supergroup north of Lake Huron (fig. 13) is

one of the best exposed and most accessible Early Protero-
zoic successions of the world (Young, 1983, 1991) and is
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well known for the world-class uranium deposits that it con-
tains. It is of special interest because it contains evidence of
fluctuating climatic conditions and includes the world’s old-
est widespread and well-documented glaciogenic deposits.

The Huron Supergroup varies considerably in thick-
ness, with the thicker parts generally being to the south of the
Murray fault zone (fig. 14). Individual groups thin to the
north and west of the fault zone, mainly by the attenuation of
individual formations, by the wedging out of some units, and
by erosion beneath disconformities and unconformities
within the succession,

The Huron Supergroup is subdivided into four groups,
from oldest to youngest, the Elliot Lake, Hough Lake,
Quirke Lake, and Cobalt Groups. The lower three groups are
informally termed “lower Huronian,” and the Cobalt is infor-
mally designated as “‘upper Huronian.” An angular uncon-
formity of regional extent separates lower and upper
Huronian strata.

Lower Huronian sedimentation was accompanied by
early volcanism in depositional basins bounded by major lis-
tric faults displaying south-side-down movement. The vol-
canic rocks are fissure eruptions related to deep-penetrating
faults and include both mafic and felsic lavas and pyroclastic
rocks (Card, 1978). One felsic volcanic unit from the upper
part of the sequence yielded a U-Pb zircon age of 2,450+25

Ma (Krogh and others, 1984). The volcanic rocks are inter-
calated with units of graywacke, aluminous pelite, and sul-
fide-rich strata, and are intruded by layered gabbro-
anorthosite bodies. These layered bodies from the lower part
of the sequence yield U-Pb zircon ages of 2,491%5 Ma and
2,480£10 Ma (Krogh and others, 1984). The lower part of
the Elliot Lake Group is intruded by the Murray and Creigh-
ton Granites, which yield U-Pb zircon ages of 2,388+20 Ma
(Krogh and others, 1984) and 2,333+33 Ma (Frarey and oth-
ers, 1982), respectively.

The basal volcanic sequence is overlain by the Mat-
inenda Formation, host to the world-famous Elliot Lake-type
uranium deposits. The uranium occurs as disseminated ura-
ninite and brannerite in lenses of pyritic quartz-pebble con-
glomerate enclosed in crossbedded arkosic sandstone. The
Matinenda is overlain by the McKim Formation, a turbiditic
sequence made up of graywacke, laminated siltstone, alumi-
nous pelite, and minor quartz arenite.

The overlying two groups of the lower Huronian, the
Hough Lake and Quirke Lake, represent two sedimentary
megacycles, each consisting of a lower conglomeratic suite,
the Ramsay Lake and Bruce Formations, respectively, a
middle siltstone-graywacke unit, the Pecors and Espanola
Formations, and an upper crossbedded sandstone unit, the
Mississagi and Serpent Formations. Most of the
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conglomerate is matrix-supported paraconglomerate that
may have formed by glacial processes. The middle siltstone-
graywacke units were deposited by turbidity currents, and
the lower part of the Espanola Formation contains beds of
limestone, dolomite, and calcareous siltstone that display
shallow-water features such as mudcracks and stromatolites.
The overlying sandstone units are arkosic and also were
deposited in fluvial to shallow marine environments.

The upper Huronian Cobalt Group comprises (1) a
lower platform sequence of glaciogenic conglomerate, silt-
stone, and sandstone, the Gowganda Formation; (2) a thick
sequence of arkose, orthoquartzite, and conglomerate, the
Lorrain Formation; (3) a thin unit of varicolored siltstone
and sandstone, the Gordon Lake Formation; and (4) an
uppermost sequence of quartz arenite and hematitic siltstone,
the Bar River Formation. The lower part of the Gowganda

contains layers of polymictic conglomerate (diamictite) sep-
arated by units of laminated siltstone (varvite) deposited dur-
ing several glacial advances from the north. The upper part
of the Gowganda consists of coarsening-upward cycles of
siltstone and sandstone that typically display large-scale
slumping phenomena, possibly associated with prograding
deltas. The Lorrain Formation was deposited in fluvial to
shallow marine environments, whereas the Gordon Lake
Formation has features indicative of shallow subtidal to
storm-dominated marine shelf environments. The Bar River
Formation also probably was deposited in a transitional shal-
low tidal marine to beach to eolian environment.

The Huron Supergroup was deformed prior to the
emplacement of tholeiitic gabbro sills and dikes, collectively
referred to as the Nipissing Diabase. Nipissing Diabase from
the Gowganda area yields a U-Pb baddeleyite age of 2,219+4
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Ma (Corfu and Andrews, 1986), but according to Buchan
and Card (1985) paleomagnetic data provide evidence for
more than one Nipissing event. Intrusion of the Nipissing
Diabase was followed by renewed deformation and regional
metamorphism (Card, 1978) at about 1,900£50 Ma (Fair-
bairn and others, 1969).

A considerably different Early Proterozoic succession,
the Whitewater Group, crops out within the Sudbury basin,
an elliptical depression that straddles the Archean-Huronian
unconformity north of Sudbury (fig. 13). Stratigraphic rela-
tionships between the Huron Supergroup and the White-
water Group are problematic, as are the nature and origin of
the Sudbury basin itself.

The Sudbury basin is outlined by a composite mafic-
felsic intrusion called the Sudbury Igneous Complex. World-
class massive and disseminated nickel-copper sulfides occur
at the base of the complex and in dike-like intrusions termed
“offsets,” which extend outward from the main body into
footwall rocks of the Huron Supergroup (Pye and others,
1984, and references therein).

The Sudbury Igneous Complex is one of the most pre-
cisely dated igneous bodies in the world. A variety of noritic
rocks yield U-Pb zircon ages of 1,850+1 Ma, whereas a gra-
nophyric component yields a U-Pb baddeleyite age of
1,850.5£0.3 Ma (Krogh and others, 1984). Basal rocks of the
Whitewater Group are cut by 1,849 Ma granophyric intru-
sions, and thus the complex and the basal part of the White-
water Group are approximately the same age.

The Whitewater Group is divided into three formations
(fig. 14): alower conglomeratic unit of enigmatic origin, the
Onaping Formation; a middle pelitic unit, the Onwatin For-
mation; and an upper graywacke unit, the Chelmsford For-
mation. The Onaping Formation was described by Muir and
Peredery (1984) as consisting of an unsorted and poorly
stratified breccia with clasts derived from both the Archean
Superior province and the Huron Supergroup. The clasts are
set in a matrix of devitrified glass shards and mineral and
rock fragments. The Onaping has been interpreted as either
a fallback breccia from meteorite impact or the product of
explosive volcanism (Muir and Peredery, 1984).

The Onwatin Formation gradationally overlies the
Onaping Formation and consists mainly of carbonaceous
and pyritic argillite, siltstone, and minor graywacke. A sul-
fide-bearing carbonate unit, typically 40 m thick, occurs near
the base of the formation. The Onwatin is a pelagic deposit
formed in a restricted basin with anoxic bottom waters
(Rousell, 1984). The carbonate unit is a sedimentary-exhala-
tive deposit, whereas the graywacke beds were deposited by
turbidity currents. The conformably and gradationally over-
lying Chelmsford Formation consists mainly of thick-bed-
ded graywacke with well-developed Bouma beds and other
structures indicative of turbidite deposition (Rousell, 1984).
The formation represents a proximal sequence deposited by
currents that flowed to the southwest, down a paleoslope that
was parallel to the present long axis of the Sudbury basin.

The Onwatin and Chelmsford Formations have been
interpreted as the local filling of a meteorite impact basin,
but Young (1983) has argued that the Chelmsford is the rem-
nant of a flysch deposit once much thicker and more exten-
sive than the strata now preserved in the Sudbury basin.

Rock units of the Sudbury basin, notably the offset
dikes of the Sudbury Igneous Complex, cut the axial surfaces
of earlier-formed folds in the Huron Supergroup and were
themselves deformed during an event that also produced
greenschist-grade assemblages in the Whitewater Group.
The deformation produced a series of upright to northward-
overturned folds having a well-developed axial-plane cleav-
age. These folds, as well as the Sudbury Igneous Complex,
are cut by a series of south-dipping thrusts with displace-
ments of several kilometers. Card (1989) suggested that the
deformation occurred late in the Penokean orogeny. If so, the
Sudbury event and the Penokean orogeny are closely related
in time.

NORTHERN WISCONSIN AND MICHIGAN

The Early Proterozoic succession in northern Wiscon-
sin and Michigan (fig. 15) has yielded major quantities of
iron ore from four mining districts—the Gogebic (loc. 1, fig.
15), Marquette (loc. 5, fig. 15), Iron River—Crystal Falls (loc.
7, fig. 15), and Menominee (loc. 8, fig. 15) ranges. Lesser
quantities were obtained from the Felch district (loc. 6, fig.
15). Only the Marquette range is still an iron-ore producer.

The iron-bearing and associated epiclastic rocks and
intercalated flood basalts are assigned to the Marquette
Range Supergroup (Cannon and Gair, 1970), which tradi-
tionally is subdivided into four groups, from oldest to young-
est, the Chocolay, Menominee, Baraga, and Paint River
Groups (fig. 16).

The oldest recognized units in the Chocolay Group in
Michigan include deposits of possible glacial origin vari-
ously referred to as the Enchantment Lake and Fern Creek
Formations. A glacial origin was questioned by Larue
(1981a) and Mattson and Cambray (1983), who suggested
instead that they formed by fanglomeratic or mass-wasting
processes in a fault-controlled basin or basins. More
recently, Sims (1991a) has suggested that the Reany Creek
Formation, formerly included in the Chocolay Group, is a
Late Archean unit of Timiskaming type, which now are com-
monly interpreted as forming in Archean analogs to modern
pull-apart basins. Nonetheless, the Fern Creek Formation is
still considered the best example of a Precambrian glacio-
genic deposit in the Lake Superior region (Gair, 1981).

An unconformity of uncertain duration separates the
glaciogenic deposits from the remainder of the Chocolay
Group. Above that unconformity, sedimentation occurred
over a wide area in a relatively stable tectonic environment.
Sedimentation started with a widespread, mineralogically
mature quartz arenite—the Mesnard, Sunday, and Sturgeon
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that yields a U-Pb zircon age of 1,982+5 Ma (Goldich and
Fischer, 1986), and the Hillman is cut by two syntectonic
plutons that yield U-Pb zircon ages of 1,869+5 Ma and
1,868+3 Ma (Goldich and Fischer, 1986). Biotite and horn-
blende from the McGrath also give similar K-Ar and Rb-Sr
mineral ages, in the range of 1,740-1,770 Ma (Keighin and
others, 1972).

The North Range Group of Southwick and others
(1988) (loc. 4, fig. 17) forms a coherent stratigraphic pack-
age between twice-folded rocks of the Mille Lacs Group and
once-folded rocks of the Animikie Group. The North Range
Group was described by Schmidt (1963), who recognized a
lower siltstone-shale sequence, the Mahnomen Formation;
an intermediate and dominantly iron rich unit, the Trommald
Formation; and an upper graywacke-shale sequence, the
Rabbit Lake Formation, together with several thin lenses and
layers of iron-formation. Subsequent studies (Morey and
Southwick, 1993) show that mappable units of iron-
formation also occur at two and possibly three different
stratigraphic levels in the Mahnomen Formation and at two
or more stratigraphic levels in the Rabbit Lake Formation. A
depositional age for the North Range Group has not been
established, but a Rb-Sr whole rock isochron age implies that
it was metamorphosed at about 1,870 Ma (Peterman, 1966).

The Cuyuna South range structural terrane (loc. 5, fig.
17) just south of the Serpent Lake discontinuity consists
mostly of mafic igneous rocks of both volcanic and hypabys-
sal affinity, carbonaceous slate, and lenses and layers of
iron-formation (Morey and Morey, 1986). One of the volca-
nic units, the Randall Formation of Morey (1978), crops out
at the southwest end of the terrane, together with thin-
bedded, carbonate- and silicate-facies iron-formation.

The Animikie Group unconformably overlies the Mille
Lacs and North Range Groups to the south and Archean
rocks to the north. On the Mesabi (loc. 2, fig. 17) and Gun-
flint (loc. 1, fig. 17) ranges, it overlies Archean basement and
consists of a basal quartz arenitic sequence, Kakabeka and
Pokegama Quartzites; an intermediate iron-rich sequence,
the Gunflint and Biwabik Iron-formations; and an upper
thick graywacke-shale sequence, the Rove, Virginia, and
Thomson Formations. Stratigraphic relationships are more
complicated in the Emily district (loc. 3, fig. 17), where the
stratigraphic position of the Biwabik is occupied by four len-
ticular units of iron-formation separated by intervening
sequences of epiclastic rocks, either quartz arenite like the
Pokegama Quartzite or black shale like the Virginia
Formation (Morey and others, 1991). The principal iron-rich
interval, unit A of the Ruth Lake area (Morey and others,
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1991), contains an appreciable, but as yet unmeasured man-
ganese resource.

The depositional age of the Animikie Group has not
been established. However, Hemming and others (1990)
have shown that the Pokegama Quartzite consists of Archean
detritus that yields a Pb-Pb age of 2,612+3 Ma. This material
is cut by quartz veins that are 1,930£25 Ma. The latter age is
considerably younger than the Sm-Nd whole rock isochron
age of 2,110+52 Ma reported by Gerlach and others (1988)
for slaty units in the Biwabik Iron-formation. As judged
from a Rb-Sr whole rock isochron age, the Thomson Forma-
tion along the south side of the Animikie basin was folded
and metamorphosed at 1,770 Ma (Keighin and others, 1972).

A STRATIGRAPHIC SYNTHESIS

Rocks of the Penokean continental margin assemblage
extend for more than 1,300 km along the south margin of the
Superior craton. Sedimentation was diachronous over that
distance: it began around 2,500 Ma in the Lake Huron region
but did not begin until about 2,200 Ma in east-central Min-
nesota (fig. 19). Nonetheless, sedimentation had essentially
ceased by =1,850 Ma in both areas. Thus, the Penokean con-
tinental margin assemblage apparently records 650 m.y. of
geologic time, an interval greater than that attributed to all of
the Phanerozoic Eon; the great length of time is a complicat-
ing factor for any stratigraphic synthesis.

Stratigraphic syntheses in Phanerozoic orogenic belts
are typically based on biostratigraphic information that tem-
porally constrains the preserved record of subsidence and
sedimentation in marginal sedimentary prisms. However,
biostratigraphic data are not everywhere available, even in
the Phanerozoic, and the utilization of sequence stratigraphic
concepts first developed by Sloss (1963) in recent years has
greatly enhanced our understanding of relative-time strati-
graphic relationships in these places. In particular Vail and
others (1977) extended Sloss’s (1963) concept of a sedimen-
tary sequence to be applicable as the basic stratigraphic unit
in shelf and coastal plain deposits. Sedimentary sequences
consist of conformable and genetically related strata
bounded at the top and bottom by unconformities or an
equivalent laterally correlatable conformity. Thus unconfor-
mities assume considerable importance, not for the degree of
erosion involved, but for their lateral persistence. It follows
that where unconformity-bounded depositional sequences
include isotopically datable rocks, the strata and their
bounding surfaces may be calibrated in units of absolute
time. Although this approach was developed in quite young
Phanerozoic strata, it has been applied to Proterozoic strata
with considerable success (Christie-Blick and others, 1988).
The sequence-stratigraphic approach underlies the following
discussion of the Penokean orogen.

The Huron Supergroup can be divided into two uncon-
formity-bounded depositional sequences, which collectively
were deposited during the interval between 2,491%5 Ma and
2,219+4 Ma. The chronostratigraphic significance of the
lower Huronian—upper Huronian unconformity is uncertain,
but Fairbairn and others (1969) have established a Rb-Sr iso-
chron age of 2,240+87 Ma for the Gowganda Formation.
Thus, the unconformity evolved before that time but after
latest lower Huronian volcanism at 2,450+25 Ma.

Possible correlations between the Lake Huron and Lake
Superior regions have been a nagging problem for more than
100 years. Young (1983) suggested that the Fern Creek and
Enchantment Lake Formations in Michigan can be corre-
lated with the Gowganda Formation in Ontario. If so, Early
Proterozoic sedimentation may have started in the Lake
Superior region as early as 2,327 Ma. Young (1983) also has
correlated individual units of the Cobalt Group with individ-
ual units in the Chocolay Group. In that scheme the uncon-
formity that tops the Chocolay Group is equivalent to the
unconformity that tops the Cobalt Group, and all of the
former would be older than 2,219+4 Ma. However, a second
unconformity of unknown duration within the Chocolay
Group separates the Fern Creek Formation from the remain-
der of the group (fig. 19). That unconformity also could be
equivalent to the unconformity atop the Huron Supergroup.
Therefore the bulk of the Chocolay Group could be either
older or younger than 2,219+4 Ma.

Early Proterozoic rocks of glaciogenic affinity have not
been recognized in Minnesota. However, the younger dolo-
mitic rocks of the Trout Lake Formation and its associated
unconformity at the top of the Mille Lacs Group in the
Cuyuna North range are broadly similar to the Kona Dolo-
mite and its associated unconformity at the top of the Choc-
olay Group in Wisconsin and possibly are correlative
(Marsden, 1972). Building on Marsden’s observation,
Morey (1978) correlated the Mille Lacs and Chocolay
Groups. The depositional age of volcanic strata in the lower-
most part of the Mille Lacs Group in the Glen
Township—Moose Lake structural terrane is well constrained
at 2,197+39 Ma, an age that is statistically identical with the
age of the Nipissing Diabase. Thus the unconformity
beneath the Mille Lacs Group in the Glen Township—-Moose
Lake structural terrane likely is equivalent to the unconfor-
mity at the top of the Huron Supergroup. The Mille Lacs
Group therefore is younger than the upper Huronian Cobalt
Group. Because the bulk of the Chocolay Group has been
correlated on lithic grounds with the Mille Lacs Group, it too
must be younger than 2,219+4 Ma (fig. 19).

The North Range Group in east-central Minnesota and
the Menominee Group in Michigan form two unconfor-
mity-bound stratigraphic sequences, which although differ-
ent lithologically, are correlated here mainly because they
occupy similar stratigraphic positions sandwiched between
the Mille Lacs and Chocolay Groups below and the
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indicate a late D timing for the thrusting in both the terranes
on opposite sides of the Falls River thrust. During D, defor-
mation, early first deformation structures were rotated to
nearly recumbent positions. The finite strain associated with
Dy is greater in the Falls River slice than in the parautoch-
thon to the north (Gregg, 1993). Gregg has suggested that the
Falls River thrust correlates with a similar boundary recog-
nized by Holst (1984) in east-central Minnesota, referred to
as a “nappe front,” and discussed following.

The southern boundary of the Falls River slice can be
taken as the Covington thrust, recognized by Gregg (1993)
in an exposed section of the Michigamme Formation along
U.S. Highway 141 about 4.5 km south of Covington (fig.
22). The south-dipping fault is marked by a prominent bed-
ding-cleavage intersection lineation that plunges steeply
south; the cleavage is oriented differently on opposite sides
of the fault. The fault coincides with the boundary between
two structural domains delineated by Foose (1981) in the
northwest corner of the Ned Lake 15-minute quadrangle, a
few kilometers to the east of U.S. Highway 141. In the block
to the north, folds plunge gently east or west and axial sur-
faces dip steeply south; in the block to the south, folds also
plunge gently east or west but axial surfaces dip steeply
north. That the Covington thrust is probably a major struc-
ture is indicated by Nd isotopic data. Samples of Michi-
gamme Formation to the north of the fault and samples of
pre-Michigamme Formation rocks in the Marquette syn-
cline, to the east, indicate an Archean source for the sedi-
ment, presumably from the craton to the north, whereas
samples of the Michigamme Formation to the south of the
fault indicate an Early Proterozoic source and deposition in
foredeep basins (Barovich and others, 1989). The Covington
thrust presumably marks the northern limit in Upper Michi-
gan of imbricate thrusts on which foredeep deposits have
been transported northward over craton-margin deposits.

Southeast of the Covington thrust, the Archean base-
ment is definitely involved in the fold-and-thrust deforma-
tion (Klasner and Sims, 1993). The extent to which the
Archean rocks in the Amasa uplift and the southern complex
(fig. 22) are allochthonous, however, is uncertain. Gregg
(1993) has inferred that indeed both the Amasa uplift and the
southern complex of the Marquette district (gneiss domes)
are allochthonous, as is the northern complex, but this inter-
pretation has not been verified by detailed structural studies.

South of the Amasa and southern complex domes, the
Bush Lake fault defines the northern limit of out-of-
sequence backthrusting (Klasner and Sims, 1993). The Bush
Lake fault is a major north-verging, high-angle thrust that
brings Archean basement and Early Proterozoic rocks (Mar-
quette Range Supergroup) partially over the Amasa dome
(fig. 22). Figure 23 is a diagrammatic sketch showing the
inferred structural relationships of backthrusting. Associated
with the backthrusting, and presumably related to it, is the
Carney Lake nappe (Sims and Schulz, 1993), the upper limb
of which apparently has been eroded.

The cause of the backthrusting is equivocal. Morley
(1988) has suggested that backthrusts as out-of-sequence
faults can form in foreland thrust belts at an abrupt change in
thickness of the thrust sheet, that is, they form where the crit-
ical taper of the thrust wedge decreases and forward propa-
gation of the thrust sheet cannot be maintained. Hence, the
thrust wedge is thickened by backthrusting and internal fold-
ing until a critical taper is accomplished and the in-sequence
forward thrusting can continue. Alternatively, the foreland
propagation of a thrust may be stopped by a buttress, such as
the Amasa uplift. Such backthrusts are not uncommon; they
have been described from the Canadian and U.S. Rockies
(Price, 1986; Tysdal, 1986), the Alps (Tricart, 1984), and
elsewhere.

The geometric pattern of thrust faults on the southern-
most part of the continental foreland (fig. 22) suggests that
the episode of backthrusting was followed temporally by
north- to northeast-directed thrusting that impinged laterally
on the previously folded and thrust rocks. This scenario sug-
gests that collision along the Niagara fault zone was diachro-
nous, initially being directed northward, followed by
northeastward vergence in the southernmost area of figure
22. This conclusion is supported by two types of field obser-
vations. On the west side of the Carney Lake nappe, Higgins
(1947) mapped several steep, east-trending transcurrent
faults that offset the steeply dipping Sturgeon Quartzite (unit
Xmq, fig. 22) and which postdate the principal folding, now
recognized as nappe-forming deformation. These transcur-
rent faults have gently west plunging slickenlines, suggest-
ing upward and eastward movement on the faults. They can
be attributed to northeast-directed compression resulting
from impingement of the Badwater thrust fault slice on the
Carney Lake block. Secondly, in the Amasa uplift, north-
east-verging faults, interpreted mainly as thrusts, and related
small-scale folds (east of Crystal Falls) are transverse to the
older northwest-trending structural grain of the Amasa uplift
(Bayley, 1959; Sims and Schulz, 1993), and clearly are
younger than the major deformation. Thrusting could have
been on a scale sufficient to imbricate the Hemlock Forma-
tion (unit Xmy, fig. 22) on the west side of the dome, greatly
increasing its thickness (Foose, 1981), and also to cause
reorientation of the Archean core and flanking younger rock
from an original east-west trend to a northwest trend.

EAST-CENTRAL MINNESOTA

Southwick and others (1988) and Southwick and Morey
(1991), following earlier studies of Holst (1982, 1984) and
Holm and others (1988), have documented the structure in
the poorly exposed continental foreland on the west side of
the Midcontinent rift system, based mainly on detailed aero-
magnetic data, gravity data, and drilling, together with
sparse outcrop data. They concluded that the Penokean oro-
gen in this area consists of an internal fold-and-thrust belt
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EXPLANATION

Diabase dike of Kenora-Kabetogama swarm
X Autochthonous rocks of Mille Lacs(?) Group

Archean rocks

Contact—Approximately located; dotted where
extended into water body

High-angle fault

—A—A—4_ Thrust fauli—Dotted where extended across
water body; sawteeth on overthrust block
GLTZ Great Lakes tectonic zone

il o Little Falls

McGRATH—LITTLE FALLS TERRANE

~Northern limit of subvertical
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50 KILOMETERS
|

Figure 24. Generalized tectonic map of Penokean orogen in east-central Minnesota, showing major tectonic subdivisions. Long-dashed
line demarks northern limit of recumbent deformation style (Fj) as mapped by Holst (1982, 1984) and extended by Southwick and Morey
(1991). Blank areas, mainly Early Proterozoic rocks of fold-and-thrust belt. Modified from Southwick and Morey (1991).

their near absence to the north, favors a correlation of these
terranes across the rift system. If this correlation is valid,
however, the Archean gneiss in the McGrath dome and in
areas farther south (Southwick and others, 1988) must be
allochthonous, and therefore not correlative with the
gneisses in southwestern Minnesota that compose the vast
Archean gneiss terrane (Minnesota River Valley
subprovince of Superior province). That the gneiss in the

McGrath dome is indeed probably allochthonous is indi-
cated by magnetotelluric studies by Wunderman and Young
(1987). An anomaly associated with the Malmo zone in
Minnesota dips southward beneath the McGrath dome. This
magnetotelluric anomaly appears to correlate with the Flam-
beau anomaly in northwestern Wisconsin (Sternberg and
Clay, 1977), which strengthens the suggested correlation of
the Malmo and Niagara zones.
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AGE CONSTRAINTS ON PENOKEAN DEFORMATION

The beginning of Penokean deformation is poorly con-
strained in the Lake Superior region, but the termination of
deformation is accurately dated. Deformation could have
started any time after 2,197+39 Ma (Beck, 1988), the time of
eruption of continental margin volcanic rocks of the Mille
Lacs Group in east-central Minnesota. In north-central Min-
nesota, it is known to be younger than 2,125+45 Ma, the age
of a northwest-trending diabase dike (Kenora-Kabetogama)
swarm in Archean basement rocks that is unconformably
overlain by basal units of the Animikie Group (Southwick
and Halls, 1987). In northern Michigan, deformation started
sometime after 1,910£10 Ma (Van Schmus and Bickford,
1981), the age of a sample of the Hemlock Formation of the
Menominee Group.

In Michigan, age constraints on the timing of collision
along the Niagara fault zone are provided by a U-Pb zircon
age of 1,852+6 Ma (Sims, Peterman, and Schulz, 1985) on a

SOUTHEAST
TRENCH (?)

sample of biotite schist (Michigamme Formation) known
from Nd isotopic data to have had an Early Proterozoic
source, presumably eroded rocks of the Pembine-Wausau
terrane. The time of graywacke deposition dates the final
convergence of the Pembine-Wausau terrane with the conti-
nental margin, as well as the culmination of foredeep devel-
opment. This age is about 10 m.y. younger than that of
foliated granitoid rocks in the Dunbar area, within the Pem-
bine-Wausau terrane (Sims and others, 1992). The age of
post-tectonic stitching plutons (Bush Lake and Spikehorn
Creek Granites), 1,835+6 Ma (Sims, Peterman, and Schulz,
1985), inferred to pierce the Niagara fault zone in northeast-
ern Wisconsin (Sims and Schulz, 1993; Xg, fig. 23), indi-
cates that collision at this locality definitely predated 1,835
Ma. Similarly, in Michigan, rare, small post-tectonic granitic
plutons have an approximate age of 1,824 Ma.

In Minnesota, deformation was underway at 1,869%5
Ma (Goldich and Fischer, 1986), the age of a syntectonic
pluton (Bradbury Creek Granodiorite of Morey, 1978)
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ified from version in Southwick and Morey (1991).
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Figure 27. AFM diagram for volcanic rocks from Pembine,
Monico, and Marathon County areas, Pembine-Wausau terrane,
northern Wisconsin. Pembine is in northeastern part, Monico in
central part, and Marathon County in southern part of the terrane.
Modified from Sims and others, 1989.

McGrath-Little Falls terrane in east-central Minnesota (fig.
24; unit XA, pl. 1) possibly is partially equivalent to the
Wisconsin magmatic terranes.

PEMBINE-WAUSAU TERRANE

The P-W terrane is a 150-km-wide, apparently wedge
shaped domain of volcanic and plutonic rocks (fig. 26) that
is made up of two volcanic successions, an older one depos-
ited in the interval 1,889-1,860 Ma and a younger, more
restricted but poorly delineated one deposited between 1,845
and 1,835 Ma. The younger succession is inferred to uncon-
formably overlie the older one in Marathon County and
vicinity (LaBerge and Myers, 1984) in the southern part of
the P-W terrane (vicinity of Wausau (W), fig. 26). The vol-
canic rocks are intruded by coeval syntectonic plutons
(1,870-1,840 Ma) and by younger post-tectonic intrusions,
1,835 Ma and =1,760 Ma.

VOLCANIC ROCKS: 1,889-1,860 MA SUCCESSION

The older volcanic succession in the P-W terrane con-
sists mainly of metamorphosed basalt, andesite, dacite, and
rhyolite flows and pyroclastic rocks. In northeastern Wis-
consin (Sims, 1990b; Sims and others, 1992), two deposi-
tional cycles are recognized. The older rocks are tholeiitic
basalt and basaltic andesite, formally named the Quinnesec
Formation, which are a minimum of 1,889 Ma, and probably
older. These rocks show limited FeO enrichment (fig. 27)

and low TiO», and they are relatively depleted in high-field-
strength elements. Chondrite-normalized rare-earth element
(REE) patterns show moderate to extreme light rare-earth
element depletion (Sims and others, 1989, fig. 34). The
tholeiitic basalts are similar compositionally to some recent
back-arc basin basalts and island-arc tholeiites. The strongly
LREE-depleted basalts are particularly similar to some ophi-
olitic basalts, including those from the Oman ophiolite
(Pearce and others, 1981) and the Troodos ophiolite (Kay
and Senechal, 1976), both of which are now interpreted as
having evolved in island arcs (Moores and others, 1984;
Schmincke and others, 1983; Pearce and others, 1981). The
basalts in northeastern Wisconsin are intruded by sheeted
dikes, serpentinites, and plagiorhyolite (Schulz, 1987), sug-
gesting that these rocks are a dismembered ophiolite.

The presumably younger calc-alkaline volcanic rocks,
as represented in northeastern Wisconsin (Sims, Schulz, and
others, 1993), range in composition from andesite to rhyo-
lite; they have major- and trace-element compositions simi-
lar to average K,O calc-alkalic andesitic suites. They have
moderately enriched heavy rare-earth element patterns and
increasingly negative Eu anomalies with increasing SiOp
content (Sims and others, 1989, fig. 3B).

Volcanic rocks in the central part of the P-W terrane
(locality D, fig. 26) constitute a bimodal suite; pillowed
flows of high-aluminum basalt and low-SiO; andesite com-
positions are intercalated with dacite to rhyolite tuffs and
porphyries. Both the mafic and felsic volcanic rocks show
enriched LREE with flat HREE patterns and relative deple-
tion in tantalum (Sims and others, 1989, fig. 4). These rocks
contain at least three major copper-zinc massive sulfide
deposits (Sims, 1987 and references therein), and are compo-
sitionally similar to the bimodal calc-alkalic volcanic rocks
that host the Kuroko massive sulfide deposits of Japan
(Dudas and others, 1983).

VOLCANIC ROCKS: 1,845-1,835 MA SUCCESSION

A younger succession of calc-alkalic andesite, dacite,
and rhyolite that is distinguished from older tholeiitic basalt
in the Marathon County area (Sims, 1990a) primarily by
having a different structural style and lower metamorphic
grade (LaBerge and Myers, 1984) is poorly dated and some-
what enigmatic. The volcanic rocks have more enriched
LREE and large-ion lithophile element abundances than the
calc-alkalic rocks in northeastern Wisconsin, which suggests
a geographical compositional zonation within the P-W ter-
rane. The geographical zonation, which is common for sub-
duction-related magmatic sequences (Saunders and others,
1980), could be caused by more crustal involvement than to
the north or by differences in the distance from the subduc-
tion zone (Niagara fault zone). Existing Sm-Nd data (Barov-
ich and others, 1989), however, do not suggest involvement
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of Archean basement rocks in this part of the P-W terrane.
Further studies of the zoning are needed.

GRANITOID ROCKS

Granitoid rocks in the P-W terrane are mainly grano-
diorite but range from tonalite and gabbro to alkali granite.
They can be grouped into two broad classes: (1) a syntec-
tonic granodiorite suite and (2) a post-tectonic suite consist-
ing of the =1,835 Ma Athelstane Quartz Monzonite of the
Athelstane batholith, small bodies of an 1,835 Ma red alkali-
feldspar granite, and small bodies of a =1,760 Ma
granodiorite-granite group (Sims, Schulz, and others, 1993).

SYNTECTONIC GRANODIORITE SUITE

The syntectonic granodiorite suite is spatially associ-
ated with the major (1,860-1,889 Ma) sequence of volcanic
rocks (most of unit Xmyv, fig. 26) in the P-W terrane. The
rocks of the syntectonic granodiorite suite are foliated and
are mainly included in unit Xgg in figure 26; the suite is cal-
cic to calc-alkalic and has intermediate SiO, concentrations,
intermediate to high Al,O3 (12.4-16.4 percent), high Sr con-
centrations, and low Rb, Nb, and Y concentrations. These
rocks are compositionally similar to the well-studied New-
ingham Tonalite in the Dunbar, Wis., area (Sims and others,
1992), which 1s a volcanic-arc granite about 1,860 Ma. On a
Si0, versus FeO:(FeO+MgO) diagram (fig. 28), rocks of the
syntectonic granodiorite suite plot mainly in the calc-alkalic
(MgO-rich) field, and lie within the synorogenic field of

Anderson (1983) for Penokean granitoid rocks in Wisconsin.
The synorogenic field is virtually distinct from the field for
the Athelstane Quartz Monzonite and the 1,835 Ma alkali-
feldspar granite, indicating distinctly different magmas for
the syntectonic and post-tectonic rocks. Tonalite and grano-
diorite exposed in central Wisconsin (unit Xgt, fig. 26) are
included in the granodiorite suite, but they are distinctly
younger than most of the granitoids exposed farther north.

Except for granodiorite-tonalite bodies in central Wis-
consin (unit Xgt, fig. 26), the syntectonic granodiorite suite
is interpreted as products of southward subduction of oce-
anic crust prior to collision of the north-verging P-W terrane
with the continental margin to the north (Sims, Schulz, and
others, 1993), presumably as a partial melt of basalt. The
Dunbar Gneiss, in northeastern Wisconsin, and presumably
other gneissic granitoids adjacent to the Niagara fault zone,
however, are more evolved than the Newingham Tonalite
and other volcanic-arc granitoids (Sims and others, 1992).
These rocks are characterized by relatively high concentra-
tions of K, Rb, Ba, Th, Nb, Ta, and LREE, and are inter-
preted as syncollisional granites. The younger granodiorite-
tonalite bodies in central Wisconsin presumably formed dur-
ing north-dipping subduction of oceanic crust that termi-
nated with collision of the Marshfield (minicontinent)
terrane with the P-W terrane at about 1,840 Ma (Sims,
Schulz, and others, 1993). These rocks are somewhat more
evolved than the Newingham Tonalite and other volcanic-
arc granodioritic rocks farther to the north.

POST-TECTONIC SUITE

The post-tectonic suite comprises those plutonic rocks
emplaced subsequent to =1,850 Ma, and consists of the
=1,835 Ma Athelstane Quartz Monzonite, 1,835 Ma alkali-
feldspar granite, and a =1,760 Ma granodiorite-granite group
(Sims, Schulz, and others, 1993).

ATHELSTANE QUARTZ MONZONITE

The Athelstane Quartz Monzonite constitutes most of
the 900 km? Athelstane batholith in northeastern Wisconsin
(unit Xgt, fig. 26; Sims, 1992). Itis a massive coarse-grained
granite to granodiorite except along the north margin of the
batholith, where it has a steep stretching lineation resulting
from uplift of the batholith subsequent to crystallization of
the magma. One sample has a U-Pb zircon upper intercept
age of 1,836x15 Ma (Sims, 1990b). Granite near Cherokee
(unit Xgt, fig. 26), southwest of Wausau, is considered cor-
relative with the Athelstane Quartz Monzonite. The Athels-
tane and granite near Cherokee are mildly peraluminous, and
have high SiO, (68-77 percent), intermediate Al,O3 (12-15
percent), and Na:K <I. These rocks are more evolved chem-
ically than the syntectonic granodiorite suite; they are
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strongly enriched in iron, and plot in the anorogenic (FeO-
rich) field in the FeO:(FeO+MgO) diagram (fig. 28).

1.835 MA ALKALI-FELDSPAR GRANITE

The 1,835 Ma alkali-feldspar granite (unit Xgr, fig. 26)
crops out in the southern part of the P-W terrane and trun-
cates the Eau Pleine shear zone (fig. 26). These rocks form
small, separate plutons. The rocks lack a penetrative folia-
tion but contain abundant brittle fractures and show exten-
sive retrogressive metamorphism. The granite is
peraluminous, alkali-calcic, and Fe rich, and has very low Sr
and high U, high FeO:(FeO+MgO) (O >0.80), Na,0:K,0
(<1.0), Ba:Sr (>3.0), and K:Rb (>300), and large negative Eu
anomalies (Sims and others, 1989, fig. 10). On a SiO; versus
FeO:(FeO+MgO) diagram (fig. 28), these rocks plot with the
Athelstane Quartz Monzonite in the anorogenic field.

1,760 MA GRANODIORITE-GRANITE GROUP

The 1,760 Ma granodiorite-granite group crops out as
scattered small plutons (unit Xga, fig. 26) across northern
Wisconsin. The rocks lack a penetrative foliation but are cut
by brittle-ductile shears. Zircon ages average =1,760 Ma but
range from 1,739+8 Ma to 1,773+8 Ma (Sims and others,
1989). The rocks are coeval with the anorogenic rhyolite-
granite terrane in south-central Wisconsin (Smith, 1983), but
differ from these rocks in being more variable in composi-
tion and in having somewhat lower FeO:(FeO+MgO) and
higher Sr.

MARSHFIELD TERRANE

The Marshfield terrane, south of the Eau Pleine shear
zone, differs from the P-W terrane mainly in having an
extensive Archean basement to the volcanic rocks (fig. 26;
Sims, 1990a). Also. a widespread superposed steep foliation
and lineation and associated mylonite, developed some time
between 1,860 and 1,835 Ma, has largely obliterated original
structures in both the Archean and Early Proterozoic rocks.
Because of this structural overprint and the generally sparse
exposures, knowledge of the terrane is meager.

VOLCANIC ROCKS

The Marshfield terrane consists of apparent erosional
remnants of an approximately 1,860 Ma mafic to felsic vol-
canic succession overlying at least a partial Archean base-
ment (Sims, 1990c). The major exposures comprise the
Milladore Volcanic Complex (locality A, fig. 26), an inter-
layered sequence of metamorphosed felsic to mafic volcanic
rocks, dacite porphyry, and sedimentary rocks (impure

quartzite, ferruginous chert, conglomerate, and carbon-
aceous argillite). These rocks are intruded by small bodies of
metagabbro and metadiorite and by a large (35 km?2) pluton
of foliated tonalite. A smaller area of volcanic and sedimen-
tary rocks is exposed in the Eau Claire River valley (locality
B, fig. 26). The rocks in both areas are mainly metamor-
phosed to upper greenschist (garnet) grade.

GRANITOID ROCKS

Granitoid rocks of Early Proterozoic age in the Marsh-
field terrane are mainly tonalite-granodiorite and alkali-feld-
spar granite, but range from gabbro-diorite to alkali granite
(Sims, Schulz, and others, 1993). The rocks can be grouped
on the basis of composition, structure, and age into two
classes: (1) a syntectonic tonalite-granodiorite suite and (2)
1,835 Ma post-tectonic alkali-feldspar granite.

SYNTECTONIC TONALITE-GRANODIORITE SUITE

The tonalite-granodiorite suite crops out as small bod-
ies that intrude Archean gneiss in the area east of Wisconsin
Rapids (fig. 26) and as a modest-sized pluton that cuts
=1,860 Ma metavolcanic rocks of the Milladore Volcanic
Complex (locality A, fig. 26). Anderson (1972) described
the field relations and petrology of the bodies that cut
Archean gneisses. Rocks of the tonalite-granodiorite suite
are presumably coeval with the =1,860 Ma Milladore Volca-
nic Complex, yet one sample of foliated diorite has a U-Pb
zircon upper intercept age of 1,892+9 Ma (Sims and others,
1989; Sims, Schulz, and others, 1993), suggesting that the
volcanic rocks are in part at least older than =1,860 Ma.

Granodiorite to tonalite rocks in the area range from
hornblende-biotite diorite to biotite trondhjemite and are
calc-alkalic to alkali-calcic (Sims, Schulz, and others, 1993).
The rocks are mostly metaluminous but include peralumi-
nous varieties for silica values greater than 65 weight per-
cent. Anderson and Cullers (1987) showed that these plutons
are analogs of Holocene orogenic andesite-dacite suites; a
small amount of Archean material possibly was incorporated
during tonalite emplacement.

A small body of gneissic granite near Neillsville, along
the Black River (locality C, fig. 26), has a comparably old
age (1,871+£5 Ma) to the tonalite-granodiorite suite but is
more evolved chemically (Sims, Schulz, and others, 1993).

1,835 MA ALKALI-FELDSPAR GRANITE

The post-tectonic red alkali-feldspar granite is similar
compositionally to the alkali-feldspar granite in the P-W ter-
rane, and the rocks in both terranes are presumed to be
cogenetic (Sims, Schulz, and others, 1993). The REE pat-
terns are distinctive, exhibiting large negative Eu anomalies
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and a relatively flat HREE slope (Sims, Schulz, and others,
1993, fig. 14). The granite mainly plots in the within-plate
field on a Rb versus Y+Nb diagram.

MAGMATIC TERRANE IN
EAST-CENTRAL MINNESOTA

The magmatic terrane in eastern Minnesota (unit XA\,
pl. 1) is a rather poorly exposed complex of granitoid rocks
intruded into metamorphic rocks of probably both Archean
and Proterozoic ages (fig. 24; Southwick and others, 1988).
The relationship of this terrane to the terranes east of the
Midcontinent rift system is uncertain, but Southwick and
Morey (1991) have tentatively correlated it with the Wis-
consin magmatic terranes because it contains abundant
calc-alkalic syntectonic to post-tectonic granitoid rocks, as
do the Wisconsin magmatic terranes (fig. 11). Following
the earlier structural interpretation of Southwick and others
(1988), Southwick and Morey (1991) included the McGrath
gneiss dome (age =2,700 Ma; Stuckless and Goldich, 1972)
and its mantling sedimentary rocks of Early Proterozoic age
(Denham Formation) in the magmatic terrane (also see
Chandler and Southwick, 1990). They extended the mag-
matic terrane (McGrath-Little Falls terrane, fig. 24) north-
ward to the Malmo discontinuity, which they tentatively
correlated with the Niagara (suture) fault zone cast of the
Midcontinent rift system.

The syntectonic granitoid rocks in the magmatic terrane
are foliated granodiorite to granite bodies that are interpreted
to occupy cores of domal structures in migmatite (Hillman
Migmatite of Morey, 1978). Southwick and others (1988)
concluded that these plutons are syntectonic to late-tectonic
diapirs. One intrusive body (Freedhem Granodiorite) has a
U-Pb zircon age of 1,868+£3 Ma (Qoldich and Fischer, 1986),
which is coeval with the syntectonic granitoid suite in the
Pembine-Wausau arc terrane in Wisconsin (Sims and others,
1989).

Intrusive rocks in the northeasternmost part of unit
XAi (pl. 1), the Isle and Warman Granites of Morey
(1978), are post-tectonic granite and granodiorite of =1,770
Ma (Spencer and Hanson, 1984). These rocks are inter-
preted (Southwick and others, 1988) to intrude the Denham
Formation on the south side of the McGrath gneiss dome.
The post-tectonic granitoid rocks are similar in age and
composition to the post-tectonic intrusions of =1,760 Ma in
the P-W (Pembine-Wausau) terrane in Wisconsin (Sims
and others, 1989).

A migmatite of uncertain age (Hillman Migmatite of
Morey, 1978) occupies several tens of square kilometers in
the unit XAi, and is the host for the syntectonic granitoid
bodies (Southwick and others, 1988; Tasker, 1983). The
rock is a gray foliated biotite-garnet-cordierite schist, horn-
blende schist, and biotite-feldspar-quartz granofels migma-
tized by tonalitic neosome. The tonalitic neosome is intruded

by massive tonalite that has a U-Pb zircon age of 1,869+5
Ma (Goldich and Fischer, 1986). The age of the paleosome
has not been determined.

EVOLUTION

The Wisconsin magmatic terranes evolved through a
complex series of tectonic events following extension and
breakup of the Early Proterozoic continental margin. South-
ward subduction led to the development of a major volcanic
arc represented by the 1,889-1,860 Ma rocks in the P-W ter-
rane. The arc rocks apparently accumulated on oceanic crust,
as suggested by a probable dismembered ophiolite in the
vicinity of the Niagara fault zone. The basaltic rocks could
have formed in a closed back-arc basin, such as the Holocene
Lau basin in the Pacific Ocean, or as island arcs. The
bimodal volcanic rocks in the central part of the P-W terrane
could have formed in a back-arc basin. Arc volcanism was
accompanied by intrusive bodies of tonalite and granodiorite
of volcanic arc genesis. Continuing subduction led to
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Figure 29. SiO; (weight percent) versus KoO:(KoO+Nay0) dia-
gram showing comparison of compositions of plutonic rocks in
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terranes in Colorado, southeast California, and southwest United
States. From Sims, Schulz, and others, 1993, fig. 18.
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collision of the arc complex with the continent at about 1,850
Ma and the development of collision-zone intrusive bodies,
such as the Dunbar Gneiss in northeastern Wisconsin. The
collision-zone intrusions are relatively enriched in high-
field-strength element abundances, particularly tantalum and
niobium. Such a composition is compatible with these gran-
itoid rocks having been derived by partially melting mantle-
derived basalts that have within-plate compositions and that
are older than the collision-zone intrusions (for example,
Early Proterozoic basalts of the Marquette Range Super-
group). Partial melting would have occurred during collision
and overthrusting of the P-W terrane onto the continental
margin.

The 1,845-1,835 Ma felsic volcanic rocks erupted in
the southern part of the P-W terrane possibly were gener-
ated above a north-dipping subduction zone during the clo-
sure of an ocean basin between the accreted P-W terrane
and a minicontinent (Marshfield terrane) to the south. Sub-
sequent collision of the two terranes along the Eau Pleine
shear zone possibly caused the widespread ductile deforma-
tion in rocks of the Marshfield terrane, which preceded
emplacement of the post-tectonic (=1,835 Ma) alkali
granite.

The emplacement of the scattered 1,760 Ma granitoid
bodies in the northern part of the P-W terrane probably
resulted from continent-continent or continent-arc collision
to the south of the Lake Superior region that was contempo-
raneous with the 1,760 Ma anorogenic magmatism in south-
ern Wisconsin. Accretion of the Central Plains orogen (Sims

and Peterman, 1986) to the North American craton could
have triggered this magmatism.

The plutonic rocks of the P-W and Marshfield terranes
are similar in composition, and they record changing types of
magmatism over time. Prior to =1,850 Ma, intrusive rocks
are calcic to calc-alkalic, magnesium rich, sodic to very
sodic, high-strontium granodiorite to trondhjemite typical of
immature island or continental arcs (Sims, Schulz, and oth-
ers, 1993). Gneissic granitoids emplaced in the proximity of
the Niagara fault zone (fig. 26) are more evolved chemically
than the volcanic-arc granitoids, and are interpreted as colli-
sional-zone intrusive bodies (Sims and others, 1992). Rocks
younger than =1,850 Ma are characteristically alkali-calcic,
iron rich to very iron rich, sodic to average granodiorite to
granite typical of more mature island arcs and somewhat
evolved continental arcs. The post-tectonic 1,760 Ma plu-
tons are the most chemically evolved; they have the highest
rubidium and thorium concentrations, but they do not differ
much from the 1,835 Ma plutons, as they are alkali-calcic,
iron rich to average, sodic to average granodiorite to granite
(Sims, Schulz, and others, 1993).

A distinctive and as yet unexplained feature of the igne-
ous rocks of the P-W and Marshfield terranes is the overall
sodic nature of the magmatism, which continued from
=1,890 to =1,500 Ma in northern Wisconsin (fig. 29).
Whereas other orogenic terranes in the Western United
States typically evolved to potassic or even highly potassic
magmatism over time, the Wisconsin terranes remained
sodic to average. Perhaps further studies will lead to an
explanation of this anomaly.

EARLY AND MIDDLE PROTEROZOIC INTRACRATONIC ROCKS

By PK. Sims

A rhyolite-granite (=1,760 Ma) terrane in southern Wis-
consin, quartzite, and epizonal granite bodies, including the
Wolf River batholith (=1,470 Ma), comprise major intracra-
tonic rock units in the Lake Superior region (pl. 1, Yw, Ygr,
Xrg, Xq). They postdate the Penokean orogeny, and overlie
and (or) intrude Archean and Early Proterozoic rocks in the
orogen.

1,760 MA RHYOLITE-GRANITE TERRANE

Rhyolite and granite ranging in age from 1,773£8 Ma to
1,73948 Ma (Sims and others, 1989, table 1) crop out
sparsely in the Fox River valley and tributaries, in southern

Wisconsin (Sims, 1992). The rocks are interpreted from
magnetic anomaly maps to occupy an area of about 10,000
km? (pl. 1). The rocks compose a northeast-trending basin or
basins of probable extensional origin, the northwest margin
of which is rather well delineated by faults disclosed by aer-
omagnetic data. The southern extent of these rocks is uncer-
tain. The rhyolite comprises interbedded ash-flow tuff and
volcaniclastic sedimentary rocks of both peraluminous and
metaluminous suites (Anderson and others, 1980; Smith,
1983). Associated cogenetic granites are granophyric and
probably intruded their own volcanic cover. An undated
diorite body and associated basaltic dikes locally intrude the
rhyolite. The rhyolitic and associated rocks are weakly
altered to retrogressive assemblages, particularly hematite
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and chlorite, and are mildly deformed on northeast-trending
fold axes. The peraluminous and metaluminous suites are
possibly comagmatic, and have been interpreted as having
been derived from partial melting of separate sources of
intermediate composition (Smith, 1983). The diorite and
associated basalt probably were derived by partial melting of
a mantle source and should have provided the heat source for
partial melting of the crust. No known mineral deposits are
associated with this anorogenic suite, but the rocks are
believed to have some potential for Olympic Dam-type
deposits (Sims, 1990f).

QUARTZITE

Quartz-arenitic red-bed sequences (pl. 1, Xq) crop out
sporadically in the southern part of the Lake Superior region
as isolated bodies that include the Sioux, Barron, Flambeau,
McCaslin, Baraboo, and Waterloo Quartzites, as well as sev-
eral other smaller, unnamed sequences. Because of their sim-
ilarity in appearance, the red-bed sequences have been
presumed to be broadly correlative (Dott and Dalziel, 1972).
The prevailing model assumed that all the red-bed sequences
were once part of a continuous blanket of sand deposited in
a shallow-water nearshore environment on an east-trending
southward-sloping continental shelf (Dott and Dalziel,
1972). Subsequently, Dott (1983) modified the sedimento-
logical model, suggesting that the red-bed sequences could
have been deposited as braided fluvial deposits formed on a
sandy coastal plain several kilometers wide that subse-
quently was submerged during a shallow marine transgres-
sion. Although realizing that individual sequences are not
necessarily correlative, Dott (1983) proposed that the red
beds formed during the time interval 1,750-1,450 Ma, which
he termed the “Baraboo interval.” Later, Greenberg and
Brown (1984) redefined the Baraboo interval as that period
of time characterized by anorogenic igneous and sedimen-
tary activity between about 1,760 Ma and 1,500 Ma.

Subsequent studies have shown that indeed all the red-
bed sequences are not strictly correlative. In a broad paleo-
magnetic study, Chandler and Morey (1992) showed that the
Sioux Quartzite in southwestern Minnesota formed in the
approximate interval 1,700-1,650 Ma; the Sioux paleopole
cannot be distinguished at the 95 percent confidence level
from that of the Barron Quartzite in northwestern Wisconsin.
On the basis of existing apparent polar wander data, Chan-
dler and Morey (1992) proposed that the Baraboo Quartzite
could be as much as 100 m.y. older than the Sioux and Bar-
ron. An older age for the Baraboo Quartzite is supported by
structural studies of LaBerge and others (1991). These writ-
ers proposed on indirect evidence that the Baraboo and other
smaller quartzite bodies in central and southern Wisconsin,

south of the Eau Pleine shear zone, are 1,860 Ma or older.
They proposed that these quartzite bodies are allochthonous,
having been transported southward by a major south-vergent
fold-thrust system related to the Eau Pleine shear zone. Ear-
lier, Sims and others (1988) showed on indirect evidence that
the McCaslin Quartzite in northeastern Wisconsin is older
than 1,812 Ma. A deformed conglomerate (Baldwin Con-
glomerate) within the Mountain shear zone (Sims, Klasner,
and Peterman, 1991) contains quartzite clasts that almost
certainly were derived by erosion from the nearby McCaslin
Quartzite. The conglomerate is older than an undeformed
intrusion, the Hines Quartz Diorite (1,812 Ma), which was
emplaced into the Mountain shear zone at or near the termi-
nation of shearing.

The cumulative evidence that quartzite bodies in the
Lake Superior region differ in age, and perhaps comprise
two temporally distinct red-bed sequences—one late
Penokean in age and the other post-1,760 Ma—indicates that
the rocks of “Baraboo interval” have no paleogeographic
continuity, as stated previously by Chandler and Morey
(1992).

WOLF RIVER BATHOLITH

The Wolf River batholith of central Wisconsin is one of
the older intrusions of the 1.4-1.5 Ga transcontinental ano-
rogenic province of North America (Anderson, 1983). The
batholith has an age of =1.47 Ga (recalculated by Z.E. Peter-
man from Van Schmus and others, 1975). Associated anoro-
genic intrusions of approximately the same age include the
Wausau and Stettin plutons in the Wausau area of central
Wisconsin (Sims, 1990a). The petrology and geochemistry
of the Wolf River batholith have been studied in some detail
(Anderson and Cullers, 1978; Anderson, 1980, 1983, 1993).
This description is mainly taken from these reports.

The Wolf River batholith has many features in common
with other Middle Proterozoic anorogenic granites in the
transcontinental anorogenic province, but also has some
unique features. Similarities include (1) inclusions of
anorthosite and charnockitic rocks, (2) high alkali-feldspar
content, (3) several textural varieties of rapakivi granite, (4)
accessory allanite, apatite, zircon, and fluoritetsphene, and
(5) enrichment in K, Rb, Ba, REE, and U (Anderson, 1993).
It is unique in (1) comprising nine petrographically distinct
granitic plutons, (2) being ilmenite bearing, (3) having crys-
tallized at low fO, (approximately QFM), and (4) that the
younger plutons are increasingly less felsic (> Ca, Mg, Al,
Sr, and < REE).

The Wolf River batholith has an exposed area of about
10,000 km? and comprises five major granite plutons in
addition to a central core of anorthosite and two peripheral
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rhyolite that was erupted during rifting. The volcanic rocks
accumulated to thicknesses of as much as 20 km in the deep-
est parts of the rift (Behrendt and others, 1988; Cannon and
others, 1989). Estimates of the volume of volcanic rocks pre-
served in the rift range from 1.3 to 1.5 million km? (Hutch-
inson and others, 1990; Cannon, 1992), and the original
erupted volume is estimated to be at least 2 million km?
(Cannon, 1992). These volumes are comparable to those of
many Phanerozoic flood basalt provinces.

AGE

Based on U-Pb zircon dating of volcanic rocks at the
base of the Osler Group and the related Logan diabase sills
in Ontario, rift-related magmatism began about 1,108.8+4/
—2 Ma during a period of reversed magnetic polarity (Davis
and Sutcliffe, 1985). The magnetic polarity shifted from
reverse to normal between 1,097.6+3.7 Ma and 1,096.2+1.8
Ma (Davis and Sutcliffe, 1985; Davis and Paces, 1990). At
Mamainse Point, a second stratigraphically thin reverse-
normal sequence presumably occurs within the lower
reversed sequence. Klewin and Berg (1990) have shown
that this is not a structural repetition of the section as origi-
nally postulated by Palmer (1970). The remaining volcanic
section was erupted during the ensuing period of normal
polarity. Rift-related magmatism ceased shortly after the
intrusion of a normally polarized rhyolite porphyry dated at
1,086.5+1.3/-3.0 Ma (Palmer and Davis, 1987) on Michipi-
coten Island in Lake Superior. Although volcanism was
active for about 23 m.y., the rate of accumulation of volca-
nic rocks, at least in the central graben, increased steadily
from 1,109 Ma to about 1,095 Ma, and thereafter waned as
the rift became a sediment-dominated depression. Most
volcanic rocks accumulated during the 3-5 m.y. interval,
shortly after 1,098 Ma (Davis and Paces, 1990). Intrusive
activity also was focused during the 23 m.y. interval in
which the volcanic rocks were extruded. The Duluth Com-
plex, for example, was intruded in stages between 1,107
and 1,096 Ma (Miller and others, 1991).

STRATIGRAPHY

The oldest volcanic rocks of the MRS are exposed in
several areas, including the base of the Osler Group and the
Mamainse Point Formation in Ontario, at the base of the
North Shore Volcanic Group in Minnesota, and in the Pow-
der Mill Group in Michigan and Wisconsin (fig. 32). Locally
the basal flow is pillowed, but otherwise all flows appear to
have been subaerial. In the western part of the Lake Superior
region, the basal MRS section generally conformably over-
lies thin early-rift quartzites. In the eastern Lake Superior
region, the early quartzites are absent and the basal flows
were deposited unconformably on Early Proterozoic and
Archean rocks.

Despite some complications in the Mamainse Point
sequence, most of the earliest MRS rocks have reversed
magnetic polarity and are overlain by rocks of normal polar-
ity. This change in polarity presumably at about 1,097 Ma is
a critical time marker by which geographically separated
volcanic sequences are correlated where precise radiometric
ages are lacking. Figure 32 summarizes the stratigraphic cor-
relation of the Keweenawan volcanic sequences in the Lake
Superior region.

COMPOSITION

Keweenawan volcanic rocks range in composition from
olivine tholeiite to rhyolite. Some of the oldest lavas have a
distinctly different mineralogy and chemistry than younger
Keweenawan basalts. These basal rocks are transitional to
weakly alkaline olivine basalts characterized by low Al,O3
contents and clinopyroxene phenocrysts. Clinopyroxene
phenocrysts are rare higher in the sequence. Other basal
lavas that lack clinopyroxene phenocrysts have higher Al,O4
contents and may be slightly younger than the clinopyrox-
ene-bearing basal lavas (Nicholson and others, 1991).
Locally, basal lavas are picritic, as at Mamainse Point (Berg
and Klewin, 1988) and in some of the early intrusions in the
Lake Nipigon region (Sutcliffe, 1985).

By far the dominant rock type among Keweenawan vol-
canic rocks is high-Al olivine tholeiite (AlpO3=15-19 wt.
percent) followed by lesser high-Fe tholeiite and rocks of
intermediate and felsic composition (Green, 1982; Brannon,
1984; Paces, 1988). The olivine basalts commonly are
ophitic in texture, and the dominant phenocryst is plagio-
clase. The most primitive Keweenawan basalts are geochem-
ically similar to primitive mid-ocean ridge basalts. However,
incompatible trace elements in most Keweenawan basalts
are enriched compared to depleted or primitive mantle.
Radiogenic isotope analyses (Sr, Nd, and Pb) of the main
stage high-Al olivine tholeiites suggest that a likely source of
the voluminous basalts is a mantle plume (Paces and Bell,
1989; Nicholson and Shirey, 1990).

Flanking basins contain as much as 10-25 percent rhy-
olite (for example, North Shore Volcanic Group), whereas
the deep central grabens contain minor (<1 percent) rhyolite
(for example, Portage Lake Volcanics). Chemical and isoto-
pic analyses of rhyolites suggest that they were derived from
variable mixtures of melts from several sources, including
Archean crust, Early Proterozoic crust, and previously
erupted Keweenawan basalts (Brannon, 1984; Dosso, 1984;
Nicholson and Shirey, 1990).

INTRUSIVE ROCKS

Intrusive rocks associated with the Midcontinent rift
include alkaline intrusions, diabase dikes and sills, and lay-
ered intrusions and associated felsic rocks (Weiblen, 1982).



64 ARCHEAN AND PROTEROZOIC GEOLOGY, LAKE SUPERIOR REGION, 1993

ALKALINE INTRUSIONS

Intrusions of carbonatite-alkalic complexes are pres-
ently known only north of Lake Superior, along the
Kapuskasing structural zone, a zone of upthrusted amphibo-
lite- to granulite-grade rocks of the Superior province, and
along a north-trending zone north of the Coldwell Alkalic
Complex (Weiblen, 1982; Sage, 1987, 1988). Weiblen
(1982) has summarized the important characteristics of the
10 nephelinitic/carbonatitic complexes in the southern part
of the Kapuskasing zone. Carbonatitic complexes such as the
Prairie Lake carbonatite (1,030 Ma; Bell and Blenkinsop,
1987) typically are roughly circular, less than 2 km in diam-
eter, and composed of carbonatite (mostly calcite) around
the margins and ijolite (nepheline-pyroxene rock) in the core
of the intrusion (Sage, 1987).

Three major alkaline complexes in the vicinity of Lake
Superior include the Coldwell (1,108-1,099 Ma; Heamen
and Machado, 1987), Killala Lake, and the Firesand River
Alkalic Complexes (1,060 Ma; Bell and Blenkinsop, 1987).
The Coldwell Complex is the largest, with a diameter of 28
km, and is located west of the Kapuskasing zone (Weiblen,
1982). The complex consists of a series of three intrusions
containing gabbro, nepheline syenite, and syenite as the
major rock types (Mitchell and Platt, 1978; 1982). These
bodies are roughly concentric; gabbro forms the rim and
grades into syenite in the cores. Other alkalic complexes
north of the Coldwell Alkalic Complex range in diameter
from 1 to 5 km but contain the same rock types, with or with-
out minor carbonatite (Weiblen, 1982).

DIKES AND SILLS

Dike and sill swarms related to Keweenawan rifting are
preserved in regional groups around the margins of present-
day exposures of rift rocks in the Lake Superior region, and
extend as far as central Wisconsin. Major swarms around
Lake Superior occur in the Baraga-Marquette area of Mich-
igan, in the Mellen-Gogebic area of Wisconsin and Michi-
gan, in Carlton County and near Duluth in Minnesota, on the
west edge of the Duluth Complex at Babbitt and Ely-Moose
Lake in Minnesota, and near Grand Portage and Pigeon Point
in Ontario and Minnesota; others are the Logan sills in
Ontario and the Pukaskwa swarm along northern Lake Supe-
rior (Green and others, 1987). The dike orientations are gen-
erally subparallel to the axis of the rift, but in some areas
multiple generations of dikes crosscut one another.

Two broad groups of dikes have been distinguished by
chemical composition and magnetic polarity. As a generali-
zation, the oldest dikes are quartz tholeiites of reversed mag-
netic polarity, whereas the younger, normally polarized
dikes are mostly olivine tholeiites (Weiblen, 1982; Green
and others, 1987). However, a continuum of compositions is
present among the dikes, and thus the correlation between

dike composition and magnetic polarity is not rigid.
Reversed-polarity dikes cut pre-Keweenawan rocks, but
reversed-polarity dikes are not known to crosscut dikes of
normal magnetic polarity. Normal-polarity dikes typically
cut older Keweenawan rocks and are exposed closer to the
rift than the older dike swarms (Green and others, 1987).
Age relations are determined on the basis of crosscutting
relations and magnetic polarity because ages have not yet
been determined for most swarms (Davis and Sutcliffe,
1985).

Sill complexes are most commonly associated with the
North Shore Volcanic Group in Minnesota and the Logan
and Pigeon River intrusions to the north. The sills are as
much as several hundred meters thick, whereas the dikes are
several meters to tens of meters thick. Chemically, the sills
fall into the two broad groups defined by the dike suites,
quartz- and olivine-tholeiites. Four well-studied Logan sills
are characterized by weak differentiation (Jones, 1984).
Coarse-grained or locally granophyric zones commonly
occur towards the top of the sills. At least some of the sills
associated with the North Shore Volcanic Group are chemi-
cally more evolved than sills along the north shore of Lake
Superior (Jerde, 1991). Also, Jerde (1991) has documented
the uncommon occurrence of “reverse” zonation (that is, the
most primitive material occurs in the center of the sill) in the
Lester River sill near Duluth. Zircon from pegmatitic zones
from two thick Logan sills of reversed magnetic polarity
yield the oldest determined age for Keweenawan magma-
tism, 1,108.8+4/-2 m.y. (Davis and Sutcliffe, 1985).

LAYERED INTRUSIONS

The Duluth Complex in Minnesota, composed of a
series of layered intrusions (Weiblen, 1982), is the largest of
the intrusive rocks associated with the Midcontinent rift. The
lower contact of the complex is bounded by Archean or Pro-
terozoic rocks, and the upper contact is bounded by
Keweenawan volcanic rocks, consistent with the hypothesis
that the Duluth Complex was intruded beneath its volcanic
edifice (Miller and Weiblen, 1990). It is not a typical layered
intrusion, but is broadly characterized by early intrusions of
anorthosite, which, in turn, are intruded by multiple intru-
sions of layered troctolite. (See Chalokwu and Grant, 1990,
among others.) Both anorthosite and troctolite are cut by late
ferrodiorite and granite-granophyre bodies, resulting in com-
plicated stratigraphic relations. Ultramafic rocks are only a
minor constituent of the complex, occurring as localized
dunite bodies associated with troctolites and as several peri-
dotite bodies with uncertain field relations. Near the base of
the complex, low-grade copper-nickel sulfide mineralization
took place. Other well-documented intrusive bodies associ-
ated with the Midcontinent rift include the Mellen Intrusive
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Complex in Wisconsin (Olmsted, 1969; Klewin, 1988) and
the Crystal Lake Gabbro in Ontario (Geul, 1970).

Late felsic intrusive rocks are only now beginning to
receive study. It is difficult to uniquely tie felsic intrusions to
associated mafic intrusions of the Duluth Complex or the
Mellen Complex. The distinction between hypabyssal felsic
bodies and felsic flows is blurred as the intrusive rocks give
way to flows at the top of the section.

INTERFLOW SEDIMENTARY ROCKS

About 3-10 percent of the volcanic sequence is inter-
flow sedimentary rocks. In the main native copper district of
the Keweenaw Peninsula, 22 laterally extensive layers of
sandstone and conglomerate were used as marker beds by
the miners. Typically these units are red, immature, clastic
rocks ranging from boulder conglomerate to mudstone. The
clasts are derived in large part from the local volcanic rocks.
Structures such as graded bedding and crossbedding, imbri-
cation, and ripple marks are locally well developed (Merk
and Jirsa, 1982). Most interflow sediments were deposited as
alluvial fans or in shallow lakes (Morey and Ojakangas,
1982).

POSTVOLCANIC SEDIMENTARY ROCKS

Lying on the volcanic rocks is a great thickness of flu-
vial clastic rocks and lesser lacustrine sedimentary rocks.
The contact between sedimentary and volcanic rocks is gen-
erally conformable and commonly gradational, with the
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change characterized by more common and increasingly
thick interflow sedimentary units upward in the volcanic sec-
tion. The sedimentary rocks are most extensively exposed in
northern Michigan and northern Wisconsin where the classic
stratigraphic section has been defined and well studied. The
following description is based mostly on summaries by
Daniels (1982) and Dickas (1986).

The sedimentary succession is as much as 6 km thick in
land exposures and is thicker beneath the lake as shown on
seismic records. The lower part of the section consists of the
Oronto Group. At the base of the group the Copper Harbor
Conglomerate is largely coarse fluvial conglomerate near the
base and grades upward into sandstone and pebbly sand-
stone. Units are uniformly reddish and thoroughly oxidized.
Basalt flows are interlayered in the basal 1,000 m in some
areas, indicating a transition from an environment of rifting
and volcanism near the base to a more quiescent setting for
upper parts of the unit. Clasts of all sizes are largely volcan-
ogenic detritus, indicating derivation from highlands of only
slightly older Keweenawan volcanic rocks. The Copper Har-
bor Conglomerate becomes finer grained toward the basin
axis, an observation which, together with paleocurrent and
other sedimentologic data, indicates deposition mostly on
alluvial fans shed north from a prominent highland, which
bounded the rift valley on the south.

The Nonesuch Shale conformably overlies the Copper
Harbor Conglomerate; it is black to gray shale, siltstone, and
fine sandstone, typically 100-200 m thick. A detailed inter-
nal stratigraphy, developed as a result of exploration and
mining of extensive copper deposits near the base of the for-
mation, can be traced over a very large region in northern
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Figure 33.  Crustal cross section of the Midcontinent rift. See figure 31 for location. S, rift sediments; V, rift volcanics; |, rift intrusions;
B. basement of Archean and Early Proterozoic rocks; M, mantle. Form lines are strong seismic reflectors from GLIMPCE line C (Cannon
and others, 1989) recorded to 20 s two-way travel time, and Geosource line south of Lake Superior (Hinze and others, 1990) processed to
5 s. Depth of reflectors is calculated for an average velocity of 6 km/s. No vertical exaggeration.
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Michigan and Wisconsin, indicating deposition in a quies-
cent basin, probably a deep anoxic lake.

The overlying Freda Sandstone is mostly red to brown
lithic sandstone, which generally becomes finer grained
upward in the section. Volcanic fragments dominate the
lithic clasts, indicating that much of the detritus was still
being derived from Keweenawan volcanic rocks. Deposition
was most likely a result of a variety of fluvial processes.
Paleocurrent directions are generally toward or parallel to
the rift axis, indicating that highlands of volcanic rocks
existed south of the basin.

The youngest sedimentary rocks are the Jacobsville
Sandstone in Michigan and the Bayfield Group in Wiscon-
sin, taken as one unit, and the Fond du Lac and Hinckley
Sandstones in Minnesota, seen as another. The two units are
probably correlative but are nowhere in contact on land.
Both units consist of fluvial reddish to buff, and locally
white, sandstone and minor siltstone, shale, and conglomer-
ate. They are mineralogically and texturally more mature
than clastic rocks of the older Oronto Group. Detritus was
derived from both Keweenawan volcanic and sedimentary
rocks as well as from pre-Keweenawan rocks.

STRUCTURAL HISTORY

Recent seismic-reflection surveys (Behrendt and oth-
ers, 1988; Cannon and others, 1989; Chandler and others,
1989; Hinze and others, 1990) reveal the internal structure of
the rift in detail. Figure 33 illustrates a typical cross section
of the rift based on a combination of seismic data and the
exposed geology in northern Michigan and Minnesota.
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Figure 34. Subsidence curve for the axial region of the Midconti-
nent rift beneath Lake Superior. Solid circle, stratigraphic horizon
for which precise U-Pb radiometric age has been determined. Right
end of curve is less precisely constrained by age of syn-sedimentary
faulting.

Subsidence occurred in response to crustal thinning in a
complex manner, including development of an asymmetric
graben, flexing of the crust, and ductile stretching of the
lower crust. The result is deep central basins beneath which
the prerift crust is nearly or totally separated. Accumulations
of flood basalts attained 20 km thicknesses along the axis of
the rift. Postvolcanic and postrift clastic rocks, nearly 10 km
thick in places, were deposited in broad flexural basins cen-
tered on the rift graben. Basins are believed to have formed
by flexure of a thin elastic crust during decay of the thermal
anomaly caused by rifting and related magmatic activity
(Nyquist and Wang, 1988).

High precision U/Pb zircon radiometric ages (Davis
and Sutcliffe, 1985; Palmer and Davis, 1987; Davis and
Paces, 1990; Miller and others, 1991) provide excellent time
resolution of events in the rift development. Together with
seismic-reflection profiles, these ages permit the construc-
tion of subsidence curves such as figure 34 for the western
part of Lake Superior. This curve illustrates the rapid rate but
short duration of extension, rift subsidence, and accompany-
ing volcanism, all of which persisted for a maximum of 15
m.y. Subsidence caused by crustal extension began at about
1,109 Ma and continued until about 1,094 Ma. The rate of
subsidence accelerated throughout this period and the erup-
tion rate of basalts was sufficient to more or less match sub-
sidence, so that the central depression was always nearly
filled with volcanic rocks. Extension, subsidence, and volca-
nism waned during the ensuing 10 m.y., during which sedi-
mentation of coarse clastic rocks (Copper Harbor
Conglomerate) dominated the filling of a broad basin which
was evolving from an extensional to a flexural style of sub-
sidence. The last eruptions produced relatively thin
sequences of basalt flows and a few rhyolitic volcanic cen-
ters which were erupted until about 1,086 Ma. Broad subsid-
ence and sedimentation lasted at least an additional 30 m.y.,
and probably substantially longer. During that time, the
Nonesuch Shale was deposited in a lake of regional extent,
and was followed by a return to a prolonged period of fluvial
red-bed sedimentation during which the Freda Sandstone,
Bayfield Group, and Jacobsville Sandstone were deposited.

A period of compression produced major reverse faults
and broad folds during the latter phases of sedimentation.
This faulting, of uncertain cause, reactivated earlier normal
faults and partly inverted the original central graben. The
age of the faulting has been dated indirectly as roughly
1,060+£20 Ma (Ruiz and others, 1984; Bornhorst and others,
1988; Cannon and others, 1990b). Deposition of the younger
parts of the Jacobsville Sandstone outlasted this faulting,
giving a maximum limit for the age of the youngest sedi-
mentary rocks.

DYNAMICS OF RIFTING

The origin of the forces that produced the MRS has
been debated for many years. Opinion remains split between
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those who favor a totally passive mode of rifting in which
far-field forces, such as would be generated at distant plate
boundaries, are the cause (Donaldson and Irving, 1972;
Chase and Gilmer, 1973; McWilliams and Dunlop, 1978;
Gordon and Hempton, 1986) and those who favor rifting in
response to a nearby mantle plume (Hinze and others, 1972;
Burke and Dewey, 1973; Green, 1983; Cannon and Hinze,
1992). We argue herein that evidence for the involvement of
a mantle plume in both the magmatic and dynamic evolution
of the MRS is strong.

The presence of a mantle plume beneath the rift has
been suggested by both petrochemical and isotopic studies of
volcanic rocks (Paces and Bell, 1989; Nicholson and Shirey,
1990; Klewin and Berg, 1991) and by geophysical studies
(Hutchinson and others, 1990). Cannon and Hinze (1992)
proposed that the rift developed in response to the arrival of
the head of a new mantle plume at the base of the lithosphere.

The great volume of basalt and only moderate degree of
crustal extension, both conclusively documented by seismic-
reflection profiles, led Hutchinson and others (1990) to con-
clude that a plume, which they named the Keweenaw
hotspot, was present during rifting. Anomalously hot
asthenosphere, as in the head of a plume, is required to
account for the great volume of magma that was generated in
the region.

A plume head also provides the large supply of fertile,
primitive asthenosphere that seems to be required as a source
for many of the basalts and intrusive rocks, to explain their
primitive magma compositions and isotopic character.

Together, these two lines of evidence strongly argue for
the presence of a plume in the region of the MRS as it devel-
oped at about 1.1 Ga. But whether the rift formed as a
dynamic consequence of plume-generated stress, or devel-
oped as a result of other far-field plate margin stresses and
coincidentally crossed the plume is more speculative.

Cannon and Hinze (1992) have pointed out many simi-
larities between the development of the MRS and the
sequence of events predicted by models of plume-generated
magmatism and rifting developed by White and McKenzie
(1989) and Campbell and Griffiths (1990). The enormous
amount of magma generated in only a few million years, the
scale of the region affected by rifting and volcanism
(1,000-2,000 km diameter), and the prolonged period of
thermal subsidence and sedimentation after rifting all are
expected consequences of the arrival of a new plume head at
the base of the lithosphere. Furthermore, the precise correla-
tion in both time and place between plume-generated mag-
matism and rifting in the MRS argues strongly for a common
cause for both.

In the model of Campbell and Griffiths (1990), as a new
mantle plume rises through the deep asthenosphere, it devel-
ops a large bulbous head that contains both primitive mantle
and more evolved upper mantle, which becomes entrained in
the head. As the head approaches the base of the lithosphere,
it spreads laterally to eventually underlie an area as much as
2,000 km in diameter, and undergoes partial melting as a
result of adiabatic decompression. The arrival of the head
results in a brief (10-20 m.y.) episode of intense volcanism,
after which the energy in the head has been dissipated and
volcanism ends. The arrival of the plume head also produces
a transient, dynamically supported uplift of perhaps as much
as 1 km. The gravitational potential of this uplift, although
not adequate to produce complete continental breakup, may
be adequate to have a more local and temporary effect on
plate interiors (Hill, 1991).

Thus, we propose that, because the predicted conse-
quences of the arrival of a new mantle plume beneath the
lithosphere so closely match the documented history of
development of the MRS, both the magmatism and exten-
sion of the MRS, including its southern extent, resulted from
a new mantle plume that rose beneath the Lake Superior
region at about 1.1 Ga.

EARLY AND MIDDLE PROTEROZOIC UPLIFT AND THERMAL EVENTS

By Z.E. Peterman and P.K. Sims

A variety of isotopic ages record three Early and Middle
Proterozoic tectonic and “hydrothermal” events in the east-
ern part of the Lake Superior region. These events include a
1,625-Ma isotopic disturbance of regional extent, a major
uplift in northern Wisconsin coeval with the main episode of
Keweenawan igneous activity at 1,120 to 1,090 Ma along the
Midcontinent rift system, and slightly younger thrusting that
produced a 35-km-thick cross section of the Midcontinent
rift. A less well defined event involving differential uplift of

the Wolf River batholith and other areas is recorded by Rb-
Sr and K-Ar biotite ages between 1,400 and 1,300 Ma.

THE 1,625 MA EVENT

The 1,625 Ma event is recorded by the resetting of
several isotopic systems including Rb-Sr whole-rock and
mineral ages of Archean and Early Proterozoic rocks over
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Figure 35. Rb-Sr biotite ages in transect from Marquette syncline, Upper Peninsula, Michigan,
to northeastern Wisconsin. Modified from Peterman and others, 1985. A, Map showing ages rel-
ative to major geologic features. B, Profile of Rb-Sr ages projected to a N. 45° E. section from
Marquette syncline to northeastern Wisconsin. Only ages at localities northwest of the northeast-
trending shear zone are included. The step-function nature of the biotite age pattern is evident.
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Figure 41. Paleogeologic maps showing successive stages of de-
velopment of Early Proterozoic Penokean orogen, Lake Superior re-
gion. Modified from Sims and others (1987). Same reconstruction
as figure 40. A, Early Proterozoic epicratonic sequence (1.9-2.1
Ga), showing tensional regime and inferred outline of depositional
basin. Sediments and volcanics of the Marquette Range Supergroup
and equivalents in Minnesota were deposited on stretched Archean
crust in the Lake Superior region, and somewhat older (2.5-2.2 Ga)
sediments of the Huronian Supergroup (of Canada) were deposited
in the Lake Huron area. Western extent of epicratonic sequence is
uncertain. B, Arc-continent collision (1.85 Ga) along the Early Pro-
terozoic Niagara fault zone. Collision followed rifting of the conti-
nental margin, development of a south-dipping subduction zone
with attendant island arc (or back-arc basin) volcanic and granitoid
rocks, and closing of the ocean basin between the arc terrane and the
continental margin. Collision produced foredeep deposits and a
toreland fold-and-thrust belt on the continental margin.

The Archean Minnesota River Valley subprovince
(gneiss terrane) (3.55-2.6 Ma), represents a remnant of a
large sialic protocontinent (fig. 40) inferred to have extended
from the Lake Superior region eastward into the Lake Huron
region (Sims and others, 1980). Its original southern and
western extents are not known. This terrane records a tong
and protracted tectonic and magmatic history. The gneisses
in the Benson, Montevideo, and Morton blocks in southeast-
ern Minnesota are about 3,500 Ma, as 1s gneiss in the Waters-
meet dome, northern Michigan (Sims and others, 1984).
Gneiss in the Jeffers block (pl. 1), to the south, however, is
about 2,700 Ma. Also, except for the gneiss in the Waters-
meet dome, all gneisses that have been dated in northern
Michigan are Late Archean in age; some of these rocks are
supracrustal, as for example the Dickinson Group (Sims,
1992). Existing isotopic age data suggest that Early Archean
crust is limited to the northern part of the exposed Archean
gneiss terrane, and that much of the terrane is composed of
Late Archean gneiss. Late tectonic granite of =2,600 Ma
intrudes the older gneisses. The gneiss terrane was partly
reactivated during the Penokean orogeny, as indicated by
gneiss domes and block uplifts of that age in northern Mich-
igan and east-central Minnesota (pl. 1).

Data from the Marquette, Mich., area (Sims, 1991a)
indicate that at this locality suturing along the Great Lakes
tectonic zone resulted from oblique, northwest-oriented dex-
tral thrust-shear that produced southward subduction of the
juvenile Wawa subprovince rocks and (or) northward obduc-
tion of the Archean Minnesota River Valley subprovince
(gneiss terrane). The inferred direction of tectonic transport
during suturing is shown by solid arrows in figure 40. The
collision can account for the development of the numerous
steep, dextral faults and associated sinistral faults formed by
transpression (Hudleston and others, 1988) in the segment of
the Superior province north of the GL.TZ, many of which
host valuable gold deposits (Sims and Day, 1992).
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After stabilization and strengthening of the crust (2.5
Ga), a southward-thickening, asymmetrical sequence of
sedimentary and bimodal volcanic rocks (2.1-1.9 Ga) accu-
mulated on the rifted craton margin in the Lake Superior
region (fig. 41), and a somewhat older (2.5-2.2 Ga)
sequence was deposited in the Lake Huron area, Canada
(fig. 41A). These sequences were deposited on stretched
Archean crust and constitute a passive margin sequence.
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Following breakup of the North American conti-
nent—and the development of oceanic crust, most of which
has been destroyed—complex island arcs (and (or) back-arc
basins) were formed to the south (present-day coordinates).
Arc volcanic and granitoid rocks (Pembine-Wausau terrane
of Wisconsin magmatic terranes) were formed during south-
ward subduction of rocks on the continental margin, and near
the suture, collisional granitoid rocks were formed (Sims and
others, 1992). Collision of this arc complex with the conti-
nental margin along the Niagara fault zone at 1.85 Ga (fig.
41B) produced a pronounced foreland fold-and-thrust belt on
the continental margin, telescoping Archean basement rocks
and their Early Proterozoic supracrustal cover across a width
of 85 km. Erosion of the northward-verging thrust blocks
containing arc rocks of the Pembine-Wausau terrane pro-
duced northward-migrating foredeep deposits that were
deposited on and were structurally intercalated over a limited
period of time with the older cratonic sedimentary and
volcanic rocks of the continental margin (Barovich and
others, 1989).

About 10 m.y. after terminal continent-arc collision
along the Niagara fault zone, subduction was reversed,
resulting in accretion of the Marshfield terrane (of Wis-
consin magmatic terranes) to the Pembine-Wausau terrane
along the Eau Pleine shear zone (pl. 1). Supracrustal vol-
canic (=1.86 Ga) and sedimentary rocks of the Marshfield
terrane overlie an Archean (3.0-2.7 Ga) gneissic base-
ment. The Archean rocks could represent an exotic
terrane. Post-tectonic alkali-feldspar granite bodies (1,835
Ma) intruded the suture zone as stitching plutons.

At =1.76 Ga, rifting on northeast-trending axes was
accompanied by deposition of largely subaerial, anorogenic
rhyolite and cogenetic epizonal granite in southern Wiscon-
sin and adjacent areas. The basement is presumably Early
Proterozoic and Archean rocks of the Marshfield terrane (pl.
1). This anorogenic activity is an older component of anoro-
genic igneous activity in the Midwest that progressively

youngs southward (Sims and others, 1987; Sims, 1990f).
Approximately concurrent with the anorogenic magmatism,
calc-alkaline granodiorite to granite plutons were emplaced
into the Pembine-Wausau terrane (Sims, 1992). The 1.76 Ga
magmatism is approximately coeval with development of
the Central Plains orogen (Sims and Peterman, 1986; Sims
and others, 1987; Sims, 1990d; Sims, Peterman, and others,
1991) to the south, and may be a consequence of accretion of
this terrane to the North American continent.

Quartz-arenitic red-bed sequences were formed both
before and after the =1.76 Ga anorogenic magmatism, as
determined by paleomagnetism (Chandler and Morey, 1992)
and indirect dating. The present consensus is that quartzite
bodies were formed both during later stages of the Penokean
orogeny and in post-1.76 Ga time. The older quartzite
sequences are more intensely deformed than the younger
ones, and may in part be allochthonous (LaBerge and others,
1991). The quartzite sequences probably were deposited as
braided fluvial deposits on a sandy coastal plain that subse-
quently was submerged during a shallow marine transgres-
sion (Dott, 1983). Southwick and Mossler (1984)
demonstrated that the Sioux Quartzite in southwestern Min-
nesota was deposited in fault-bounded, intracratonic basins.

In the interval 1.5-1.45 Ga, the Wolf River batholith
and associated anorogenic intrusions in central Wisconsin
were emplaced as part of the continent-wide transcontinental
anorogenic province. These plutonic rocks are thought to be
deeper seated (mesozonal), coeval equivalents of the =1.48
Ma rhyolite exposed in the St. Francois Mountains and vicin-
ity in Missouri (Sims and others, 1987).

The youngest crust-forming event in the Lake Superior
region was the magmatism (=1.1 Ga) and subsequent sedi-
mentation within the Midcontinent rift system. No consen-
sus exists concerning the origin of the rift system, but the
tremendous amount of mafic magma that was erupted and its
chemical and isotopic composition favor a hot-spot origin
(Cannon and Nicholson, this volume).

GRAVITY AND MAGNETIC STUDIES CONDUCTED RECENTLY

By Val W. Chandler?

Because Pleistocene glacial drift covers most of the
Precambrian bedrock, geophysical surveys have been an
integral part of geologic studies and mineral exploration in
the Lake Superior region. The greatest success has been with
gravity and magnetic methods; the data are reasonably

ZMinnesota Geological Survey, 2642 University Avenue, St. Paul,
MN 551 14.

inexpensive to acquire, and both methods are highly sensi-
tive to many of the lithologic variations in the Precambrian
bedrock. Gravity and magnetic data have been used exten-
sively in geologic mapping of the Precambrian bedrock sur-
face and in many cases have provided the only available
means of interpreting geology in the third dimension. Sev-
eral reports have reviewed earlier work in the Lake Superior
region and have described the general relationships of anom-
aly signatures to geology (Chandler, 1993; Hinze and Wold,
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southwestern part of the area of figure 45. Several major fault
and shear zones within the Penokean magmatic terranes are
defined by acromagnetic lineaments; these include the Jump
River shear zone, the Niagara fault zone, and the Eau Pleine
shear zone (pl. 1; fig. 45; Sims and others, 1989). A gravity
model that supported a seismic-reflection interpretation of a
GLIMPCE line down the axis of Lake Michigan (Cannon and
others, 1991) indicates that the Niagara fault and Eau Pleine
shear zone dip steeply south and north, respectively, and both
may penetrate the entire crust.

MIDDLE PROTEROZOIC WOLF RIVER BATHOLITH

The granitic rocks of the 1,470 Ma Wolf River batholith
(pl. 1) correspond to a very subdued magnetic signature in
the southeastern part of the area of figure 45. This area of
subdued signature appears to be slightly below the anomaly
base level of surrounding terranes, implying that some of the
granitic rocks may be reversely polarized (King, 1990).
Anorthositic rocks within the batholith and outlying plutons
of granitic and syenitic rocks to the east (pl. 1) correspond
locally to strongly positive (500-1,000 nanoteslas) magnetic
signatures (King, 1990). Recent gravity model studies by
Allen and Hinze (1992) indicate that the batholith is chiefly
responsible for the regional negative gravity anomaly over
central Wisconsin (fig. 46). In their model the batholith
extends to depths of about 10 km and extends laterally
almost 100 km to the northwest and southeast of its outcrop
beneath a 2- to 4-km-thick cover of older rocks.

MIDDLE PROTEROZOIC MIDCONTINENT
RIFT SYSTEM

Rocks associated with the Middle Proterozoic (1,100
Ma) Midcontinent rift system produce the most prominent
gravity and magnetic signatures in the Lake Superior region
(figs. 43, 44, and 46). Gravity and magnetic anomalies asso-
ciated with the rift commonly exceed 50 milligals and 1,000
nanoteslas amplitudes, respectively. The strongly varying
anomaly character reflects contrasts between mafic flows
and intrusions, most of which contain a strong remanent
magnetization, and low-density, nonmagnetic sedimentary
rocks of the late-rift sequence. Gravity and magnetic data
have been extensively used for geologic mapping and for
model studies to investigate deep rift structure. Gravity and
magnetic modeling has been an important supplement to
seismic-reflection interpretations of the rift as determined by
GLIMPCE (Cannon and others, 1989) and other projects
(Hinze and others, 1992; Gibb and others, 1994).

WESTERN ARM

In eastern and southeastern Minnesota, strongly posi-
tive gravity and magnetic signatures indicate uplifted lavas
of the Saint Croix horst, and areas of subdued magnetic sig-
nature that flank and locally occur on top of the horst

correspond to basins of rift-related sedimentary rocks (pl. 1;
figs. 43, 46). The northwest-striking segment of the rift in
southeastern Minnesota corresponds to the Belle Plaine
fault, where the smooth magnetic signature (fig. 43) reflects
a deep fill of rift-related sedimentary rocks. South of the
Belle Plaine fault the rift swings again to a northeast strike
(pl. 2; fig. 46), forming the Iowa horst and associated basins.

Gravity and magnetic modeling of the western arm of
the rift by McSwiggen and others (1987) and Chandler and
others (1989) indicates that mafic rocks are largely restricted
to the St. Croix horst (see fig. 31), where they may extend to
depths of 10-20 km, implying that the horst originated as a
central graben. These studies also indicated that sedimentary
basins flanking the rift are 3-5 km thick near the horst mar-
gins, whereas the basins on top of the horst are 2—4 km thick.
Modeling by Chandler and others (1989), which was con-
strained by seismic-reflection data, indicates that the reverse
faults bounding the horst dip nearly vertical to moderately
inward, and that some may have originated as growth faults
during extrusion of the lavas. Magnetic modeling by Chan-
dler and others (1989) indicates that most of the lava
sequences defined by the seismic-reflection data are nor-
mally polarized, although some lavas deep in the succession
of northwestern Wisconsin and central Iowa may be
reversely polarized. Nyquist and Wang (1988) used gravity
modeling in conjunction with seismic interpretation and
flexural modeling to investigate the deep crustal structure
beneath the western arm of the rift in Minnesota and Wiscon-
sin. In the lower crust beneath the rift axis, they hypothesized
a large mafic pillow, which was emplaced during rift mag-
matism and, upon cooling, may have been responsible for
postvolcanic subsidence of the rift.

The models derived by McSwiggen and others (1987)
and Chandler and others (1989) imply a marked asymmetry
for segments of the rift with regard to off-axis placement of
the deep mafic roots and postulated growth faults. Similar
asymmetry has been interpreted for the rift segments to the
south in Kansas (Woelk and Hinze, 1991) and to the north in
Lake Superior (Cannon and others, 1989), and the general
geometry has some similarities to the opposing half-graben
model for continental rift propagation (Bosworth, 1985;
Rosendahl, 1987). In such a scenario the northeast-striking
segments of the St. Croix horst would represent half-graben
basins and the Belle Plaine fault would represent a major
accommodation zone.

DULUTH COMPLEX

In northeastern Minnesota the mafic intrusive rocks of
the Duluth Complex (pl. 1) correspond to a strongly positive
gravity signature (fig. 46) and large (>1,000 nanoteslas) pos-
itive and negative magnetic signatures (fig. 43). The compli-
cated magnetic signatures associated with the Duluth
Complex reflect a complicated intrusive history and the
effects of locally strong remanent magnetization (Chandler,
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1990). Derivative-enhanced gravity and aeromagnetic data
have been useful in delineating intrusive units in the com-
plex, including the poorly exposed interior (Chandler, 1990)
and the partially exposed southeast margin (Miller and oth-
ers, 1993). Gravity and magnetic modeling and analysis of
derivative-enhanced acromagnetic data along the northwest
margin of the complex suggest that deposition of copper-
nickel sulfides along the basal contact zone may have been
enhanced by northwest-striking faults in the wall rock and by
low dips of the basal contact over sulfur-bearing Animikie
strata (Chandler and Ferderer, 1989). Gravity modeling in
the same study indicates that the basal contact along the
southwest margin of the complex dips steeply and probably
is faulted. Gravity modeling of granophyre thicknesses has
been used to help constrain differentiation models of mafic
intrusjons along the southeast margin of the complex (Miller
and others, 1990).

LAKE SUPERIOR BASIN

Gravity and magnetic data have been important
adjuncts to seismic-reflection profiling in Lake Superior.
Seismic-reflection studies (Behrendt and others, 1988; Can-
non and others, 1989; Hinze and others, 1990; McGinnis and
Mudrey, 1991) indicate that as much as 30 km of volcanic
and sedimentary rocks resides in asymmetric to symmetric
grabens beneath western, central, and eastern Lake Superior,
and that the bounding growth faults, which include the Dou-
glas, Keweenaw, Isle Royale, and Michipicoten Island faults
(pl. 1, fig. 31; Sims, 1992), were later reactivated as reverse
faults with up to 2-5 km displacements. Gravity and mag-
netic modeling (Hinze and others, 1989, 1990; Mariano and
Hinze, 1994a; Teskey and others, 1991; Teskey and Thomas,
1994; Thomas and Teskey, 1994) generally confirms this rift
geometry, and indicates that a substantial part of the lava
sequence beneath the central and eastern parts of the lake has
reversed magnetic polarity. The traces of the bounding faults
beneath the lake, which were originally based on low-reso-
lution aeromagnetic and gravity data (Hinze and Wold,
1982), have been considerably refined by the new high-
resolution aeromagnetic data of Lake Superior (fig. 44; Tes-
key and others, 1991; Mariano and Hinze, 1994b).

Seismic-reflection profiling verifies that two prominent
gravity lows in western Lake Superior (fig. 46) represent
thinning of the mafic volcanic sequence over rises in the pre-
rift basement (Cannon and others, 1989; Mudrey and others,
1989; Coakley and others, 1992; Allen and others, 1994;
Sexton and Henson, 1994), which was originally postulated
by White (1966) in southwestern Lake Superior on the basis
of geologic, acromagnetic, and gravity data. Allen and others
(1992) and Allen and Hinze (1992) isolated a regional
(approx. 650 km wide) gravity minimum surrounding Lake
Superior, and related it to isostatic compensation of a
regional increase in surface elevation around the lake, which

has been informally named the Lake Superior swell (Dutch,
1981b). Allen and others have postulated that the regional
topography and negative gravity anomaly may reflect either
a thickened crust or a depleted mantle, either of which could
have been imprinted by a mantle plume during active rifting.

MAFIC DIKES AND SMALL PLUTONS

High-resolution aecromagnetic data in the Lake Superior
region effectively delineate minor intrusions such as diabase
dikes. These dikes typically produce linear magnetic
anomalies with amplitudes of a few tens to a few hundreds
of nanoteslas and are easily detectable on aeromagnetic
maps. Although individually small, these intrusions com-
monly occur in regionally extensive swarms, and they there-
fore represent major tectonomagmatic events whose
importance has generally been underestimated because of
poor exposure. Figure 47, a map summarizing mafic dike
swarms and plugs in the Lake Superior region, has been
largely prepared from aeromagnetic data. Dike swarms
shown in the Canadian segment of figure 47 will not be dis-
cussed here; they have been discussed recently by Fahrig and
West (1986). The Early Proterozoic Matachewan dike
swarm, which crosses the northeast corner of the area of fig-
ure 47, has been recently discussed by Bates and Halls
(1991) and West and Ernst (1991).

The 2,120 Ma (Beck and Murthy, 1982) Kenora-Kabe-
togama dike swarm is expressed by a series of linear, north-
west-striking anomalies that transect the magnetic signatures
of the Wawa and adjacent subprovinces (Archean green-
stone-granite terrane) and the Minnesota River Valley sub-
province (gneiss terrane) of Minnesota (figs. 43, 47). The
dikes are expressed most prominently in the greenstone-
granite terrane in northwestern Minnesota (fig. 43). Based on
the aeromagnetic data and exposures along its east margin,
the swarm is at least 300 km long by 300 km wide and may
contain thousands of individual dikes. Where exposed the
dikes are typically 20-100 m thick, but preliminary model
studies indicate that some of the dikes could be as thick as
200-300 m near the middle of the swarm (Southwick and
Chandler, 1989). The aeromagnetic data (fig. 43) indicate
that the dikes fan from trends of about 340° along their east
margin to about 300° along the southwest margin, and the
dikes converge towards the Penokean orogen, where they are
truncated by the fold-and-thrust belt and are locally covered
by foreland basin strata. Most of the dike anomalies in figure
43 are positive, but a few weakly negative anomalies near
the west margin of the swarm may reflect a reversed paleo-
magnetic component that was observed in some exposed
dikes along the cast margin of the swarm (Halls, 1986). The
Kenora-Kabetogama dikes may have been emplaced in
response to an early rifting stage of the Penokean orogen
(Southwick and Day, 1983), or in response to peripheral
foreland bulging initiated by thrust loading of the crust in the
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Figure47. Dike swarms in Lake Superior region, mostly determined from aeromagnetic data. Shaded areas in Minnesota, areas containing
numerous plugs of mafic and ultramafic rocks. Dikes in Canada from Fahrig and West (1986).

hinterland of the Animikie basin (Southwick and Halls,
1987).

Aeromagnetic data indicate that the Archean and Early
Proterozoic rocks of central and southern Minnesota are cut
by two dike swarms, one striking west-northwest and the
other striking east-northeast (figs. 43, 47). The west-north-
west-striking swarm intersects the western part of the
Kenora-Kabetogama dike swarm in west-central Minnesota
and Penokean orogen rocks in east-central Minnesota; the
negative magnetic signatures associated with some of the
dikes indicate reversed polarity. Two large dikes associated
with this swarm are exposed in the Minnesota River Valley;

these dikes have not been dated, but they may correlate with
a nearby stock of gabbroic and granitic rocks which has been
dated at 1,750 Ma (Goldich and others, 1961; Hanson,
1968). Dikes of the east-northeast-striking swarm cut across
rocks of the Penokean orogen in east-central Minnesota and
the Sioux Quartzite of southwestern Minnesota. The age of
the east-northeast-striking dikes is not known, but is brack-
eted between 1,770 and 1,100 Ma (Southwick and Chandler,
1989).

Mafic dike swarms associated with the 1,100 Ma Mid-
continent rift system are evident in the aeromagnetic data
surrounding Lake Superior. In northeastern Minnesota (figs.
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43, 47), a series of northeast-striking magnetic anomalies
near the south end of the Duluth Complex correlates with 1-
to 70-m-wide dikes of the Carlton County swarm (Green and
others, 1987), and negative signatures indicate that most
dikes have reversed polarity. Northeast-striking positive
anomalies extending from the north end of the Duluth Com-
plex (figs. 43, 44, and 47) reflect 100- to 500-m-wide dikes
of the normally polarized Pigeon River swarm (Green and
others, 1987). East-west negative anomalies south of Lake
Superior (fig. 44) delineate 1- to 185-m-wide dikes of the
reversely polarized Baraga-Marquette swarm (Green and
others, 1987; King, 1990). East-northeast-striking anomalies
that are predominantly negative in central Wisconsin (figs.
45, 47) may reflect a southern extension of the Baraga-Mar-
quette swarm (King, 1990). On the basis of position and sim-
ilarity in strike, the swarm in central Wisconsin may
correlate with the east-northeast-striking swarm in central
and southwestern Minnesota (fig. 47).

The high-resolution aeromagnetic data in Minnesota
have also been useful in delineating mafic to ultramafic
plugs in east-central and southwestern Minnesota (fig. 47),
which produce swarms of small, circular highs of a few tens
to a few hundreds of nanoteslas amplitude (a few are visible
in fig. 43). A drill hole into one of the plugs in east-central
Minnesota (fig. 47) encountered a mica-bearing olivine
pyroxenite of possible lamprolite-kimberlite affinity (South-
wick and Chandler, 1987). Magnetic model studies by
Southwick and Chandler of this and surrounding plugs indi-
cated near-vertical, pipelike bodies that extended to depths
of at least 1.5-3.1 km. A few of the small circular anomalies
in southwestern Minnesota (fig. 47) correspond to exposed
plugs of gabbroic and granitic rocks in the Minnesota River
Valley that have been dated at 1,750 Ma (Goldich and others,
1961; Hanson, 1968).

CONCLUDING REMARKS

Gravity and magnetic studies have been a critical com-
ponent of Precambrian geologic investigations in the Lake

Superior region during the last several years. One of the
principal uses of these studies has been in geologic mapping,
which is hampered by poor outcrop control in many areas.
The improved geologic mapping has led to several major
reinterpretations of the geology and tectonic evolution of the
area. Quantitative analysis of gravity and magnetic data,
including grid processing and a variety of modeling
schemes, not only is an aid to geologic mapping but also
provides valuable structural information in the third dimen-
sion. Model studies of gravity and magnetic data have been
particularly useful supplements to seismic-reflection studies
of the Midcontinent rift system.

Despite the recent progress attained in gravity and
magnetic studies, much work remains to be done in the
Lake Superior region. The scientific potential of new data
sets produced through recent surveys and compilations is
still largely untapped. All these new data sets are digitally
based, and are amenable to the wide spectrum of quantita-
tive analyses that are becoming available on inexpensive
personal computers and work stations. Acquisition of new
data is also needed, especially in areas of poor coverage in
parts of Wisconsin and the Dakotas. All things considered,
gravity and magnetic studies should continue to contribute
significantly in the future to geologic investigations in the
Lake Superior region.
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others (1987), Morey (1989a), and Mudrey and Kalliokoski
(1993). Figure 48 locates the major identified and potential
metallic mineral districts in Precambrian rocks of the region.

DEPOSITS IN ARCHEAN ROCKS

Algoma-type iron-formation, as defined by Gross
(1965), in the Vermilion district of the Archean Wawa sub-
province, northern Minnesota (fig. 48), has been a signifi-
cant source of natural iron ore (Sims, 1987). Production from
1884 until closure in 1967 totaled more than 89.2 million t
(metric tons) of direct shipping ore and 4.8 million t of grav-
ity concentrate. The district contains lenses of iron-forma-
tion intercalated on all scales with volcanic rocks, both mafic
flows and felsic pyroclastic deposits, and with epiclastic sed-
imentary rocks, some of which are carbonaceous. Producing
mines, however, were developed only in the world-famous
Soudan Iron-formation near Tower-Soudan and in a smaller
unnamed body of iron-formation at Ely. The iron ore depos-
its of both mines consisted principally of hard, massive
hematite in several small, steeply dipping elongate lenses.
Average composition ranged from 57 to 66 percent Fe, 2 to
8 percent Si0;,, 0.05 to 0.25 percent P»Os, and 0.4 to 2.0 per-
cent Al,Oj. Several ore bodies contained locally abundant
native copper, chalcopyrite, and other copper minerals.

The iron-formations of the Vermilion district are exha-
lative deposits that most likely accumulated during lulls in
volcanism and sedimentation. The largest iron-formation of
the district, the Soudan Iron-formation, apparently formed
during a prolonged hiatus after the completion of one volca-
nic cycle and before the start of the next. Today there is a
general consensus that the high-grade hematite deposits
formed by post-metamorphic hydrothermal processes in
Late Archean time (Morey, 1983b).

Recent geophysical investigations have identified many
units of Algoma-type iron-formation in northern Minnesota.
Several of these appear to persist for many kilometers along
strike. None, however, appear to have any substantial eco-
nomic value.

Small quantities of iron-ore concentrate (less than 95
million t) were developed by the Jackson County Iron Com-
pany in Wisconsin. The production came from the Archean
iron-formation at the Seven Mile Mound deposit east of
Black River Falls in south-central Wisconsin (Chan and oth-
ers, 1991). The ore body was a lensoid mass, some 900 m
long and 550 m wide. It is intercalated within quartzofelds-
pathic schist and gneiss, generally metamorphosed to the
upper greenschist to lower amphibolite facies. As such the
iron-formation contains a metamorphic mineral assemblage
including cummingtonite-grunerite, ferroactinolite, calcium-
rich hornblende, garnet, and biotite, as well as appreciable
magnetite and quartz.

Several small occurrences of gold were reported from
Archean rocks in northern Minnesota as early as 1865 (Sims,

1972¢), but only the Little American mine, on the Rainy
Lake—Seine River fault on the Minnesota-Ontario boundary,
produced any ore. About $4,600 worth of gold was extracted
in 1894-1895 from a composite vein 1-2 m wide in sheared
chloritic and biotitic schist. The vein also contained ankerite,
pyrite, minor chalcopyrite, and tourmaline.

More than 20 gold prospects have been identified at one
time or another in the Ishpeming greenstone belt in northern
Michigan, but only the Ropes gold mine, about 25 km west
of Marquette, has been a significant producer. About 6,500
kg of gold, together with a substantial amount of silver, was
produced from 1882 to closing in 1985. The deposit still con-
tains an appreciable resource estimated at 2.8 million t assay-
ing 3.24 g gold per metric ton and minor silver (Brozdowski,
1989). The ore bodies occur in veins structurally concen-
trated in ductile shear zones (Brozdowski and others, 1986;
Brozdowski, 1989). Higher grade deposits, which were
mined in the past, are associated with quartz-tetrahedrite
veins, whereas lower grade material mined in the 1980’s
occurs as disseminated grains associated with pyrite in the
host rock.

Gold deposits in both the Little American and Ropes
mines have attributes of the lode-gold deposits typically
found in adjacent parts of Ontario north and northwest of
Lake Superior. Most of this class of gold deposits occurs in
Archean greenstone belts in the Wawa and Wabigoon sub-
provinces, where hundreds of mines have recorded produc-
tions ranging from less than 1.02 t to approximately 1,016 t
of gold.

A consensus now exists that the productive lode-gold
deposits in the Superior province of Canada are tabular, sub-
vertical structures associated spatially with steeply dipping
planar shear zones of brittle to ductile deformation that in
turn are related to regional faults or regional zones of ductile
shear. These transcurrent and oblique slip-shear features
formed in Late Archean time, some 15-20 m.y. after
regional deformation (Colvine, 1989, and references
therein). The major structures are east-trending dextral
transcurrent shear zones and northeast-trending sinistral
faults that branch from and occur between the dextral shears.
Similar structures have been identified in the southwestward
extensions of the Wawa and Wabigoon greenstone belts in
Minnesota and Michigan (Southwick, this volume).

The occurrence of Archean lode-gold deposits in
steeply dipping deformation zones is of considerable explo-
ration significance, because such zones can readily be iden-
tified in many kinds of geophysical imagery. However,
individual gold-bearing systems are much smaller in size.
Typically, the thickness of an individual vein system is mea-
sured in meters, and its strike and dip dimensions are mea-
sured in tens or a few hundreds of meters. Furthermore, the
source of mineralizing fluids is debatable. That many lode-
gold deposits are essentially the same age as late-tectonic
syenite and lamprophyre bodies which were emplaced pref-
erentially along the regional deformation zones (Wyman and
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Kerrich, 1988) may have genetic significance. The identifi-
cation of several such bodies in northern Minnesota supports
the suggestion of Sims and Day (1992) that large gold depos-
its comparable to those known in Canada could be found
there. An especially favorable area is the western Vermilion
district (Alminas and others, 1992).

Although exploration has focused on lode gold, the
Archean greenstone belts in the Lake Superior region possi-
bly contain another class of gold deposits, namely strati-
form deposits. Most of these deposits occur within units of
carbonate or silicate (Algoma-type) iron-formation or their
metamorphic equivalents. Geological, mineralogical, and
geochemical relationships imply that the gold, as well as
other enriched constituents such as sulfur and arsenic, is
exhalative in origin, and thus was essentially in place prior
to folding and metamorphism. The occurrence of ore bodies
in former open spaces, as along the crests of folds, implies
that the ore components, together with vein quartz, were
mobilized and redistributed over distances of meters or pos-
sibly tens of meters during subsequent folding and meta-
morphism.

Archean rocks in northern Minnesota also have been
widely explored for volcanic-hosted massive sulfide depos-
its, especially since 1970, when a State-wide geologic map
(Sims, 1970) was published that showed for the first time
the existence of several “greenstone belts” like those in Can-
ada that contain base-metal sulfides. Exploration has not
identified any sulfide deposits of probable economic signifi-
cance, but drill holes have penetrated thick intervals of mas-
sive, submassive, and disseminated pyrite and pyrrhotite at
several places, and thin, apparently discontinuous zones of
zinc and copper have been encountered locally in the
Birchdale-Indus, Minn., area (Ojakangas and others, 1977)
along the Canadian border and in the Vermilion district
(Sims and Morey, 1974). Geochemical studies by Alminas
and others (1992) have further substantiated anomalous cop-
per and zinc values in parts of the Vermilion district. Explo-
ration ceased in the late 1970’s for economic rather than
geologic considerations.

Much information is available regarding volcanic-
hosted base-metal sulfides that should aid exploration in
Archean greenstone belts. Most known Archean occurrences
belong to a primitive type of zinc and copper sulfide deposits
that have been described by Hutchinson (1980). These
deposits are spatially associated with rhyolitic rocks of
tholeiitic affinity (Lesher and others, 1986) that occur within
discrete eruptive centers. The deposits themselves, however,
are concentrated within layers of epiclastic rocks and chert
that accumulated during breaks in volcanic activity. The
inferred coupling of sulfides and tholeiitic host rocks has
been used as an exploration tool in Canada where rare-earth-
element (REE) signatures in the felsic rocks have been used
to discriminate between potentially barren and mineralized
intervals. Although felsic rocks of tholeiitic affinity have
been reported in Minnesota only in the Rainy Lake area

(Day, 1985), the technique should have wider applicability
in the future.

An additional aspect of greenstone belt metallogeny in
the Lake Superior region is the possible presence of copper-
nickel sulfide deposits associated with ultramafic host rocks.
In Canada, these small but relatively rich deposits are con-
centrated in bodies of magnesium-rich peridotite that were
emplaced either as sills and dikes or as komatiitic lavas. The
two types of occurrences are related in that the peridotitic
magmas in the hypabyssal rocks probably represent the res-
idue remaining after eruption of the komatiitic lavas. Both
sills of peridotite and flows of generally komatiitic composi-
tion have been recognized in the Vermilion district (Schulz,
1974, 1982).

DEPOSITS IN EARLY PROTEROZOIC ROCKS

Both the Early Proterozoic continental-margin rocks
and the Wisconsin magmatic terranes contain known metal-
lic deposits (Sims, 1987). The somewhat younger (=1,760
Ma) rhyolite-granite terrane of southern Wisconsin lacks
known metallic deposits but has some potential as host for
mineral deposits of Olympic Dam type (Sims, 1990f; Enaudi
and Oreskes, 1990). Lastly, the red quartz arenites of south-
ern Wisconsin and southwestern Minnesota have some
potential for Witwatersrand-type gold deposits and uncon-
formity-related uranium deposits (Southwick, Morey, and
Mossler, 1986).

Early Proterozoic iron-formations have yielded nearly
4.5 billion t of iron ore, or 92 percent of the iron ore shipped
from the Lake Superior region since 1848. Production has
come from several separate districts, or iron ranges, within
the region (fig. 48), but the most productive by far has been
the Mesabi range, in northern Minnesota. This world-class
district has yielded 3.4 billion t of iron ore, or 67 percent of
the total production from the Lake Superior region since
mining began in 1892.

Early Proterozoic iron-formations in general are mix-
tures of two fundamental types: (1) Granular iron-formation,
typically thin to thick bedded and either consisting of silt-
and sand-size oolites and intraclasts set in a finer grained
groundmass of microcrystalline chert or less commonly con-
sisting of iron silicates and iron carbonates. Magnetite typi-
cally occurs as octahedra rarely more than 0.1 mm in
diameter. In many beds of granular iron-formation, the indi-
vidual octahedra are clustered together to form regularly to
irregularly arranged beds, laminae, or patchy to mottled
aggregates. (2) Nongranular iron-formation, generally fine
grained, finely laminated, and consisting mostly, but not
exclusively, of iron silicates and iron carbonates. It typically
lacks oolites and intraclasts and contains little free quartz.
Consequently, the two types have somewhat different com-
positions. On the Mesabi range, the total iron content is
about the same in both types, but because of the magnetite,
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there is more ferric iron in the granular strata than in the non-
granular strata. Conversely, there is less silica and more
magnesium and aluminum in nongranular strata than in the
granular strata (Morey, 1992).

Much of the iron ore mined in the Lake Superior region
is so-called natural ores, which are the products of secondary
oxidation and leaching of original iron-formation. Original
iron-bearing minerals were oxidized to the ferric state, and at
virtually the same time, calcium, magnesium, and much of
the silica were removed by leaching. Most commonly, mag-
netite was altered to martite, iron silicates to goethitethema-
tite and kaolinite, and siderite to hematite or goethite. Much
of the hematite-rich ore material that was produced was of
the so-called “direct-shipping” variety—material that went
directly from mine to blast furnace. (Other hematite-rich
ores require some beneficiation, mainly to remove free sil-
ica, either by washing or by heavy-media techniques.)
Today, production from direct shipping ores is scant, and
most of the iron ore production involves mechanically sepa-
rating primary magnetite from thick intervals of granular
iron-formation and concentrating it to produce taconite pel-
lets that contain 60 or more percent iron.

Early Proterozoic iron-formations of the Emily district
and the North Range Group of the Cuyuna range (Morey,
this volume) also constitute an important manganese
resource (Morey, 1990). The size of the resource is not well
constrained, but the North Range Group contains at least 455
million t of manganiferous iron-formation containing from 2
to 10 weight percent manganese that is available to open-pit
mining to a depth of 45 m (Lewis, 1951). Of that total, at
least 170 million t has an average grade of 10.45 weight
percent manganese (Beltrame and others, 1981). As such the
North Range Group contains approximately 46 percent of
the known manganese resources in the United States (Dorr
and others, 1973, p. 394, table 77). Nearly all of the estimate
is based on data obtained in and around oxidized and leached
bodies of manganiferous iron ore. Little is known regarding
the resource contained in unaltered manganiferous iron-for-
mation. Until recently the protolith was believed to be sedi-
mentary and the manganese to occur principally as a
manganiferous carbonate. Now, however, the protolith is
shown to be submarine-hydrothermal in origin and primary
manganese oxides to occur as thin to very thick layers inter-
calated with hematite-rich intervals, which contain apprecia-
ble rhodonite and rhodochrosite, as well as other exotic
minerals such as barium-rich feldspar and aegirine (Cleland
and others, 1992; McSwiggen and others, 1992b; Morey and
others, 1992b).

Iron-formation of the Animikie Group in the Emily dis-
trict, at the far north end of the Cuyuna range (Morey, this
volume), also contains an appreciable manganese resource,
possibly in excess of 2 million t averaging 20 weight percent
or more manganese (Morey and others, 1991). Abundant
manganese occurs as stratiform lenses at two stratigraphic
levels. The larger of the two has a possible strike length of

1,600 m and an average thickness of 15-20 m. The oxides
occur as disseminated grains, mottles, lenses, pods, and
pore-filling cement in granular iron-formation, and are epi-
genetic (Morey and Southwick, 1993).

It has never been economically feasible to recover man-
ganese from the Cuyuna range. The ore-bearing zones are
fairly small and buried beneath as much as 60 m of glacial
materials; but the main problem involves the lack of metal-
lurgical methods that can effectively separate manganese
from the iron without expending large quantities of energy.

Other known resources in the Early Proterozoic conti-
nental margin rocks are a carbonate-hosted copper deposit
near Marquette, Mich., in the Kona Dolomite, near the base
of the Marquette Range Supergroup (Morey, this volume).
The deposit is broken by numerous high-angle faults, but
estimates suggest that it contains about 1.016 billion t of
potential ore containing 0.3 percent copper (Kirkham, 1989).
The copper occurs as disseminated chalcocite, bornite, and
chalcopyrite within a quartz-arenitic interval intercalated
within dolostone. The deposit probably formed in a sabkha-
like environment (Taylor, 1974).

More speculative resources in rocks of the Early Prot-
erozoic continental margin assemblage include potentially
large graphite resources in the Baraga Group in Michigan
and in the Animikie Group in Minnesota (McSwiggen and
Morey, 1989). Several of the graphitic intervals in Minne-
sota contain from 1-2 weight percent to as much as 44
weight percent carbon over stratigraphic intervals as much as
150 m thick, and typically have anomalous gold (350 ppb),
silver (6 ppm), copper (2,500 ppm), and zinc (3,300 ppm)
values. Thus, the terrane has some potential for sediment-
hosted, stratabound copper-lead-zinc deposits similar to
those found in the Churchill province in Canada and in the
Rammelsberg ore bodies of Devonian age in Germany.

The Early Proterozoic magmatic terranes in northern
Wisconsin contain significant massive sulfide deposits
(Mudrey and others, 1991). To 1993, eight deposits totaling
nearly 1.016 million t have been discovered. All belong to
the primitive type of zinc and copper sulfide deposits of
Hutchinson (1980), and accordingly are generally similar to
massive sulfide deposits in Archean greenstone belts of the
Superior province. All the deposits discovered so far are in
the Pembine-Wausau terrane of Sims (this volume).
DeMatties (1989) recognized two mineralized districts in
the western part of the terrane—the Ladysmith district cen-
tered on the Flambeau deposit and the Samo district cen-
tered on the Ritchie Creek prospect (DeMatties,
1990)—and a third mineralized district at the east end of the
terrane, centered on the very large Crandon deposit, which
is 175 km east of Ladysmith.

From study of the stratigraphic framework in the
Ladysmith and Samo districts, DeMatties (1989) recognized
three separate favorable geologic environments, each with
its own kind of mineralization. These are (1) a main
volcanic-arc sequence of dominantly mafic volcanic rocks;
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(2) a back-arc basin sequence of dominantly volcanogenic
and volcaniclastic sedimentary rocks that also includes inter-
mediate to mafic volcanic units as discrete volcanic succes-
sions; and (3) eruptive volcanic centers or complexes of
rhyolitic composition. Important units in the back-arc basin
sequence include layers, generally less than 30 m thick, of
chlorite- and mica-rich argillite, which commonly are gra-
phitic or sulfide bearing. The Thornapple deposit north of
Ladysmith is an example of a deposit associated with the
first environment (Mudrey and others, 1991). The Ritchie
Creek prospect in the Samo district contains examples of sul-
fide mineralization associated with back-arc and rhyolitic
eruptive environments (DeMatties, 1989). The Flambeau
depositin the Ladysmith district is a particularly good exam-
ple of sulfide mineralization associated with a rhyolitic vol-
canic center (May, 1977).

The Flambeau deposit, which currently (1993) is being
mined, is a supergene-enriched zone some 90 m thick that
occurs beneath a cap of Upper Cambrian sandstone (May,
1977). The ore body contains about 10.5 percent copper and
smaller amounts of precious metals.

No stratigraphic model similar to that of DeMatties
(1989) has been made for the eastern part of the Pembine-
Wausau terrane, where the Crandon deposit is located. This
deposit, discovered in 1976, is of world-class size. It consists
of a syngenetic zinc-rich massive sulfide zone and an under-
lying epigenetic copper-rich stringer-sulfide zone. Both are
enclosed within a sequence of pyrite-bearing tuff and argil-
lite, which in turn is intercalated with pyroclastic rocks of
andesitic to dacitic composition (May and Schmidt, 1982;
Schmidt, 1991). Reserves of nearly 44 million t averaging
8.40 percent zinc, 0.73 percent lead, 0.60 percent copper, 66
g silver/t, and 0.37 g gold/t have been identified in the mas-
sive ore zone. An additional 24.8 million t of ore averaging
1.80 percent copper, 0.7 percent zinc, 0.03 percent lead,
11.73 g silver/t, and 0.34 g gold/t occurs within the stringer
ore zone.

The discovery of two additional deposits in the Samo
district was announced in 1990, but little is known about
either of them. The Bend deposit contains two ore zones
(Mudrey and others, 1991). A copper-rich zone some 390 m
long, 9 m thick, and 365 m wide contains at least 1.73 million
taveraging 2.73 percent copper and 1.92 g gold/t. An under-
lying gold-rich zone, 330 m long, as much as 26 m wide, and
extending more than 600 m below the surface, contains at
least 945,000 t averaging 0.09 percent copper and 5.73 g
gold/t.

A significant thickness of ore-grade massive sulfide
also has been intersected at the Lynne prospect in northern
Wisconsin. The first hole at the prospect intersected 39 m of
polymetallic-mineralized rock averaging 22.7 percent zinc,
0.64 percent copper, 2.95 percent lead, 35.66 g silver/t, and
3.77 g gold/t (Borland, 1990). A subsequent 39 drill holes
identified a preliminary mine resource of 6.2 million t grad-
ing 7.14 percent zinc, 11.66 g copper/t, 1.89 percent lead,

105.96 g silver/t, and 0.45 g gold/t (Kennedy and others,
1991). Much of the mineralization occurred within a
sequence of chemical sedimentary rocks, which thicken and
coalesce toward the central part of the deposit. Lenses, lobes,
and stratiform bodies of massive to semimassive sulfide are
intercalated with conformable units of talc, chert, laminated
to disrupted carbonate, and thin beds of volcaniclastic and
epiclastic sedimentary rocks. The aggregate thickness of the
sulfide-rich interval in the center of the deposit exceeds 99
m. Kennedy and others (1991) have suggested that the ore
zone formed as a hydrothermal mound followed by an unde-
termined amount of replacement mineralization. The miner-
alized interval is hosted within a thick sequence of
pyroclastic rocks of rhyolitic composition, together with less
abundant flows of dacitic to andesitic composition, and vol-
caniclastic sandstone and siltstone.

DEPOSITS IN MIDDLE
PROTEROZOIC ROCKS

Stratified rocks of the Middle Proterozoic Keweenawan
Supergroup contain the volcanic-hosted (White, 1968) and
sediment-hosted (Ensign and others, 1968) copper deposits
of the Keweenaw Peninsula, Mich. A large copper resource
of marginal grade also occurs in troctolitic to gabbroic rocks
of the Duluth Complex in northern Minnesota (Weiblen,
1993); the mineralized rock includes appreciable quantities
of nickel and cobalt, as well as trace amounts of gold. Non-
economic to marginally economic vanadium, titanium, and
platinum-group elements (PGE) also have been found in sev-
eral different rock types and structural settings within the
complex. All the mineral occurrences are related to rifting
processes and associated mafic igneous activity directly
involving mantle-derived materials.

Considerably more speculative is the possibility that
sedimentary rocks of the Keweenawan Supergroup could
host red-bed copper deposits (Sims, Kisvarsanyi, and Morey,
1988) such as those found, for example, in a variety of Pre-
cambrian, Permian, and Cretaceous red-bed sequences, all in
the Trans-Pecos region of Texas (Price and others, 1985).
Most of these known deposits are small, but the ores are
interesting because they typically contain appreciable
amounts of silver.

Keweenawan stratified rocks of the Keweenaw district
in Michigan have been a major source of copper and silver
since the middle of the 19th century. Native copper occurs
primarily as open-space fillings and replacements in flow-
tops and conglomerates. Mineralization was controlled both
by primary porosity and permeability and by tectonic frac-
turing. Weege and Pollock and others (1972) estimated pro-
duction of 5.6 million t of copper from 370 million t of ore
from 1845 through 1968. Wilband (1978) estimated that 21
of the native copper mines still contained nearly 49 million t
of rock bearing more than 0.5 percent copper. The
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sedimentary rock-hosted deposits consist dominantly of dis-
seminated chalcocite in dark laminated shale containing
abundant pyrite and organic material, including petroleum.
A deposit of economic size and grade developed in the
Nonesuch Shale at the White Pine mine produced 1.38 mil-
lion t of copper, having an average grade of 1.2 percent Cu,
and 283,000 kg of silver between 1961 and 1980. Seasor and
Brown (1986) estimated that the White Pine property still
has reserves of 184 million t grading 1.1 percent copper and
6.72 g silver/t. A second noneconomic sedimentary-hosted
deposit occurs some 20 km west of White Pine (Ensign and
others, 1968), where 829,000 t of material containing 1.3
percent copper has been delineated (Wilband, 1978).

The distinctive mineralogical and zoning patterns and
large copper:iron ratios of the Keweenawan copper deposits
are characteristics of the “rift-related stratiform copper
deposits” of Sawkins (1984). It has been generally accepted
that the Keweenawan copper deposits were precipitated
from heated copper-bearing solutions that formed in deeper
parts of the rift system where the rocks were compacted and
metamorphosed (White, 1968, 1971). In the volcanic-hosted
deposits, the ascending solutions deposited most of the
native copper in open spaces close to the boundary between
the epidote and pumpellyite metamorphic zones. In the sed-
imentary rock-hosted deposits, the ascending solutions led to
the replacement of pyrite by chalcocite (Ensign and others,
1968; Brown, 1971), probably shortly after deposition of the
host rocks. The source of the copper has never been estab-
lished with certainty, but Weiblen and others (1978) and
Morey and Weiblen (1978) have proposed that the copper-
charged solutions were produced by the diagenetic and low-
grade metamorphic breakdown of copper-bearing basaltic
detritus in the sedimentary sequences rather than by leaching
of the basalts themselves.

Copper- and nickel-bearing sulfides in the Duluth Com-
plex include chalcopyrite, cubanite, pentlandite, and pyrrho-
tite. Much of the sulfide-mineralized material is scattered
throughout several troctolitic-gabbroic sequences emplaced
in the lower part of the complex. Mineralized material has
been found at only six localities and all material is of sub-
economic grade; resource calculations for these localities
indicate the presence of 4.1 billion t of material containing
more than 0.5 percent copper. That resource has an average
copper grade of 0.70 percent and a copper:nickel ratio of
3.33:1 (Listerud and Meineke, 1977).

Naldrett (1981) has assigned the copper-nickel deposits
of the Duluth Complex to his class characterized by “intru-
sion-feeding flood-basalt activity associated with intraconti-
nental rift zones,” and has suggested that a magma derived
directly from a mantle source was the source of the metals.
However, a consensus now obtains that Early Proterozoic
country rocks were the source of the sulfur (Weiblen and
Morey, 1976; Mainwaring and Naldrett, 1977; Ripley,
1981).

Virtually all the world’s platinum-group-element
(PGE) production comes from deposits in layered mafic
igneous complexes of Precambrian age, and the Duluth
Complex, though not a perfect analog to PGE-producing
complexes, warrants consideration as a potential PGE
producer.

Background platinum content of unmineralized mafic
and ultramafic rocks in general is approximately 10 ppb,
with a range from 0.1 ppb to 500 ppb. To be of economic
grade, a mean platinum value of 5 to 10 ppm is needed—an
enrichment of three or four orders of magnitude. Concentra-
tions of PGE in the Duluth Complex are associated with both
copper-nickel sulfides and chromite-rich units. For example,
Morton and Hauck (1989) reported anomalous PGE values
of 1,000-3,000 ppb combined Pt+Pd in rocks with Cu:Cu+S
ratios greater than 0.4. Similarly, Weiblen (1989), Dahlberg
(1989), and Morton and Hauck (1989) have noted that sev-
eral chrome spinel-bearing intervals in troctolitic rocks con-
tain as much as 7,000 ppb combined Pt+Pd. Ryan and
Weiblen (1984), Sabelin (1985), and Sabelin and others
(1986) have shown that the PGE’s occur as discrete
phases—as native elements, as alloys of several native ele-
ments, and as several kinds of arsenides and sulfarsenides.
That the PGE were introduced into the Duluth Complex as a
minor orthomagmatic constituent is generally agreed; how-
ever, considerable disagreement (Morey, 1989b) still exists
as to whether the PGE’s were concentrated by normal mag-
matic processes or by the fluxing of hydrothermal (deuteric)
PGE-enriched fluids through a partly crystallized magma.
Regardless, the recent discoveries have created considerable
exploration interest in the Duluth Complex.

UNCONVENTIONAL DEPOSITS

Mineral deposits that differ significantly from produc-
tive deposits in mineralogy, grade, or mode by which they
may be exploited are termed unconventional (Barton, 1983).
Such deposits are surprises, discovered by accident in forms
or regions where they were not previously thought to exist.
Mudrey and Kalliokoski (1993) have pointed out that a vari-
ety of unconventional mineral deposits could exist in the
Lake Superior region, because its geologic history is so
diverse and so poorly known in detail. Already recognized
unconventional deposits include (1) supergene gold and
base-metal sulfides in Archean greenstone belts in west-cen-
tral and northwestern Minnesota; (2) kimberlites of post-
Ordovician age in Michigan and possibly elsewhere in the
Lake Superior region;, and (3) petroleum in sedimentary
rocks of the Midcontinent rift system. Mudrey and Kallioko-
ski (1993) have discussed several other possible mineral
occurrences of the unconventional category.

Much of the Precambrian crust in the Lake Superior
region has been affected by two periods of prolonged
weathering that produced thick clay-rich saprolites of
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generally kaolinitic composition. The first of these weather-
ing events occurred in Late Proterozoic to Late Cambrian
time and probably affected much of the Lake Superior
region. However, the resuiting weathering profile is pre-
served at only a few places in Wisconsin (Chan and others,
1991) and in east-central Minnesota (Morey, 1972), gener-
ally beneath a cap of Upper Cambrian sandstone. Nonethe-
less, this weathering event was responsible for at least some
of the oxidized and leached iron ore deposits in Early Prot-
erozoic iron-formation in Michigan (Morey, 1983b) and the
supergene sulfide deposits at the Flambeau mine near
Ladysmith, Wis.

The second major weathering event probably took
place during Late Cretaceous time. Evidence for it is wide-
spread in the west half of Minnesota (Parham, 1970) in the
form of weathering profiles on a variety of Precambrian
rocks. In particular, this event was responsible for the hema-
tite-rich natural iron ore deposits of the Mesabi range and at
least some of the high-grade ores of the Cuyuna range
(Morey, 1983b). Although weathering profiles characterized
by a kaolinite-rich saprolite a few tens of meters thick are
best preserved beneath a protective cover of Upper Creta-
ceous strata (Setterholm and others, 1989; Morey and Setter-
holm, in press), partly preserved profiles consisting of partly
weathered saprock have been penetrated at many places at
depths from 100 to 200 m where the Cretaceous cover has
been stripped away and where the profiles are buried by a
Quaternary cover. Kaolinite produced during this weather-
ing event and reworked by subsequent sedimentary pro-
cesses during Late Cretaceous time may be a significant
economic commodity in the future.

Cannon and Mudrey’s (1981) recognition of a kimber-
lite intrusion near Lake Ellen in northern Michigan pro-
vided a plausible explanation for the source of historical
diamond finds in Pleistocene glacial deposits in the Lake
Superior region. So far at least six kimberlite intrusions like
the Lake Ellen body have been studied in northern Michi-
gan (Jarvis and Kalliokoski, 1988). On geologic grounds
they are middle Paleozoic or younger, as shown by xeno-
liths of Ordovician (Cannon and Mudrey, 1981) or Devo-
nian (Jarvis and Kalliokoski, 1988) limestone. On the basis
of some preliminary isotopic evidence, Jarvis and Kallioko-
ski (1988) concluded that all these kimberlites are Meso-
zoic, possibly Jurassic, in age, and, on the basis of
petrologic evidence, that they are unlikely to be economic
diamond deposits. However, these kimberlites were not the
specific source for the large diamond finds in Wisconsin,
and thus the potential for diamonds in other kimberlites in
the area remains strong.

Detailed aeromagnetic studies in east-central Minne-
sota have identified a diffuse swarm of at least 70 small,
sharp, subcircular, positive magnetic anomalies within an
area of about 6,500 km2. Rock recovered by core drilling
from one anomaly proved to be a mantle-derived mica-bear-
ing olivine pyroxenite of possible lamproite-kimberlite

affinity (Southwick and Chandler, 1987). In addition, small
intrusions of peridotite, first described by Lund (1950),
which crop out at several places along the Minnesota River
Valley near Franklin, were examined in detail by Chan
(1990). She showed that they are chiefly composed of glob-
ules of orthopyroxene as large as 2 or 3 cm set in a
serpentinized groundmass of olivine, pyroxene, spinel, gar-
net, and phlogopite. These peridotites have petrologic
attributes comparable to those associated with mantle-
derived peridotite elsewhere. Chan (in Chan and Weiblen,
1988) also identified an altered tuff in the Franklin area that
contains several mineral phases having ultramafic composi-
tions and typical volcanic textures. This ultramafic tuff most
likely represents volcanic ejecta associated with the forceful
emplacement of the peridotitic intrusions.

For several years, an extraordinary search for petro-
leumn has been underway within sedimentary rocks of the
Midcontinent rift system. The exploration effort stems in
part from the fact that the Nonesuch Shale at the White Pine
mine in Michigan contains solid and liquid hydrocarbons
that have chemical attributes similar to those found in some
crude oils currently being produced from strata of Paleozoic
age in the Eastern United States. The oil is indigenous to the
Nonesuch, which yields a Rb-Sr age of 1,052£5 Ma
(Chaudhuri and Faure, 1967). The host rocks are cut by
veins of calcite having included oil in small vugs. Calcite
from one such vein yielded a Rb-Sr age of 1,047+35 Ma
(Ruiz and others, 1984).

The fact that the oil in the Nonesuch Shale is definitely
Precambrian in age has implications for petroleum explora-
tion elsewhere in the rift system. The presence of an organic
source rock in the White Pine area lends credibility to the
expectation of organic-rich units in other parts of the rift
system. A scenario for potentially successful exploration
combines sedimentary sequences containing organic-rich
units with tectonic environments predicting the presence of
structural and stratigraphic traps; that indications of both
these factors exist in the rift system implies that both
sources and reservoirs may be amply developed (see
Dickas, 1986).

Lastly, a study by Kelly and Nishioka (1985) has estab-
lished that copper and hydrocarbons are similarly distributed
in the Nonesuch Shale. As has been documented from many
other places, organic-rich units serve as reductants and thus
as traps for copper carried in oxidized, sulfate-rich ground
waters. Thus metal explorationists as well as petroleum
explorationists could benefit from the continuing search for
hydrocarbons in the rift system.

FUTURE OUTLOOK

The Lake Superior region will continue to be a major
source of iron ore. In 1992 the United States produced an
estimated 56 million t of iron ore and iron-ore concentrate.
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That value reflects 6.6 percent of total world production,
estimated to be 844 million t. Of the total U.S. production in
1992, 41.5 million t or 74 percent was shipped from the
Mesabi range. Similarly, more than 270 billion t of crude
iron ore or 36 billion t of iron-ore concentrate is recoverable
from Minnesota, Michigan, and Wisconsin with current
open-pit mining methods (Marsden 1978a, 1978b; Cannon
and others, 1978). Of that total, 48 billion t of ore grade or
8.8 billion t of concentrate occurs on the Mesabi range
alone. Thus, the Mesabi range contains approximately 24
percent of the iron-ore concentrate in the Lake Superior
region.

The volcanic- and sediment-hosted copper deposits of
Middle Proterozoic age on the Keweenaw Peninsula also
can be expected to continue to be a small but steady source
of this metal. Even though the identified copper-nickel
deposits in the Duluth Complex are marginal in grade in
today’s market (Sims, 1991b), they could become an impor-
tant future source for copper as well as nickel and cobalt.

The base-metal sulfide deposits in the Early Proterozoic
Pembine-Wausau terrane in northern Wisconsin also contain

an appreciable copper resource, but more importantly they
constitute a significant future source for zinc. According to
Mudrey and others (1991), the zinc deposits in Wisconsin
comprise 15 percent of the total zinc resource in the United
States. The Crandon deposit alone, if it were to be brought
on-line at the production levels originally proposed, could
account for 25 percent of the total zinc production in the
United States.

Although several discoveries have been made in the
United States segment of the Lake Superior region, espe-
cially in Wisconsin, in the past decade, exploration is not
easy. Much of the region is covered by glacial deposits and
lacks appreciable bedrock outcrop. Still other parts have
abundant cultural features that interfere with airborne geo-
physical surveys. Nonetheless, major discoveries undoubt-
edly remain for exploration geologists who have persistence,
skill, faith, and luck. However, discovery is only the begin-
ning. As soon as aresource is identified as a useful commod-
ity and intended for exploration, development is subject to
market forces and government regulation that will influence
its ultimate availability.

REGIONAL TECTONIC ELEMENTS

By PK. Sims

Several aspects of the geology of the Precambrian rocks
along the south margin of the North America craton (Hoff-
man, 1989), including stratigraphic correlations, have been
discussed and debated during this century. The purpose of
this section is to examine some of the more important
regional aspects in the light of our current knowledge. In a
previous section, Morey discussed the long-debated strati-
graphic correlations of Early Proterozoic rocks between the
Lake Superior and Lake Huron regions.

ARCHEAN CRATONS

The two Archean cratons in north-central United States
(pl. 2), which are separated by the Early Proterozoic Trans-
Hudson orogen, differ with respect to lithotypes, structure,
and geophysical character. These data together with Sm-Nd
data (Peterman and Futa, 1988) clearly demonstrate that the
Superior province and the Wyoming province are not cor-
relative as might be expected by simple lateral extension
across the Trans-Hudson orogen (Sims, Peterman, and oth-
ers, 1991). Like much of the Superior province, the

westward basement extension in the eastern Dakotas (as
determined from drill cores) is juvenile Late Archean crust
with Sm-Nd model ages of 2.76 to 2.67 Ga. In contrast,
most of the Wyoming province is composed of crust that
was extracted from the mantle in Early and Middle Archean
time (3.6-3.1 Ga). Late Archean (2.7 Ga) granitic plutons,
for the most part, also carry a Sm-Nd signature of this older
continental crust.

The southernmost (United States) part of the Superior
province consists of an Early-Late Archean gneiss terrane
(Minnesota River Valley subprovince; pl. 1; Southwick, this
volume), to the south, and Late Archean dominantly arc-
related terranes to the north. From north to south, the arc ter-
ranes are designated the Wabigoon, Quetico, and Wawa sub-
provinces (Southwick, this volume; Card, 1990; Card and
King, 1992). The Great Lakes tectonic zone separates the
gneiss terrane from the arc-related terranes (Sims, this vol-
ume). Sims and others (1981) have suggested that the eastern
extension of the GLTZ is the Murray fault system (pl. 2), a
north-verging reverse fault or thrust fault on the north shore
of Lake Superior that dips about 70° S. (Zolnai and others,
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1984). If so, the Huron Supergroup rocks to the south of the
Murray fault system should be underlain by Archean gneiss.

The Wyoming province is both smaller and less well
exposed than the Superior province. Archean rocks crop
out only in the cores of Laramide ranges in Wyoming and
southwestern Montana (Hoffman, 1989). The south margin
of the province is exposed in southeastern Wyoming in the
Sierra Madre and Medicine Bow Mountains (Houston and
Karlstrom, 1992; Houston and others, 1992), and possibly
in the Richeau Hills (Houston, 1992), on the east side of
the Laramie Range. In contrast to the United States seg-
ment of the Superior province, high-grade ortho- and
paragneisses predominate, and greenstone belts are gener-
ally small and sparse. It is not known whether the province
has been coherent since 3.6 to 3.1 Ga, the age of Nd crust-
formation, or represents a tectonic collage assembled about
2.91t02.6 Ga.

EARLY PROTEROZOIC
COLLISIONAL OROGENS

Three Early Proterozoic collisional orogens have been
delineated along the south margin of the North American
craton (pl. 2): (1) the Penokean, which extends from north-
east Nebraska through the Lake Superior and Lake Huron
regions to the Middle Proterozoic Grenville tectonic zone;
(2) the Trans-Hudson, which separates and welds the Supe-
rior and Wyoming cratons; and (3) the Central Plains, which
truncates the two Archean cratons and the Trans-Hudson and
Penokean orogens, to the south.

PENOKEAN OROGEN

The Penokean orogen consists of a deformed, south-
facing, passive continental margin prism overlying Archean
basement of the Superior province that is juxtaposed on the
south with accreted magmatic arc terranes termed the Wis-
consin magmatic terranes (Sims and others, 1989). In the
Lake Superior region, the continental margin assemblage
consists of a lower rifted passive margin sequence (rift and
platform deposits) overstepped northward by a synorogenic
foredeep sequence (Southwick and others, 1988; Barovich
and others, 1989). A thick-skinned foreland fold-and-thrust
belt north of the Niagara fault zone (Klasner and Sims, 1993)
passes cratonward (northward) into autochthonous Early
Proterozoic sedimentary rocks (Gregg, 1993). The sedimen-
tary prism, assigned to the Marquette Range Supergroup
(Michigan and Wisconsin) and the Animikie, Mille Lacs,
and North Range Groups (Minnesota), was deposited in the
approximate interval 2.2-1.9 Ga.

In northern Michigan and Wisconsin, the suture (Nia-
gara fault zone) that juxtaposes Wisconsin magmatic
terranes with the continental margin trends easterly and

overrides the deformed continental margin; suturing
occurred at about 1.85 Ga (Sims and others, 1989). In Min-
nesota, to the west of the Midcontinent rift (pl. 2), the pre-
sumed equivalent (Malmo discontinuity; Southwick and
others, 1988) of the Niagara fault zone makes a conspicuous
oroclinal bend to the south and is inferred to continue south-
ward through northwest Iowa as the Spirit Lake trend
(Anderson and Black, 1983). The Penokean orogen is
truncated in the subsurface in northeast Nebraska by the
Central Plains orogen (pl. 2; Sims and Peterman, 1986; Sims,
Peterman, and others, 1991).

East of the east arm of the Midcontinent rift (pl. 2), the
continental margin sequence (Huron Supergroup) is overlain
locally by foredeep deposits (Whitewater Group) of the
Penokean orogen, as discussed by Morey (this volume). The
Huron Supergroup is a south-facing sequence (see Sims and
others, 1981, and references therein) consisting of four
unconformity-bounded, northerly tapering, onlapping clas-
tic wedges; the sequence was deposited during Early Prot-
erozoic crustal stretching (and ocean basin formation?)
along the south margin of the Superior province. The Huron
Supergroup formed in the interval 2,500-2,200 Ma, and thus
is distinctly older than the Marquette Range Supergroup.
Deformation of rocks of the Huron Supergroup occurred
before 2,200 Ma (age of the Nipissing Diabase) and again
during the approximate interval 1.9-1.85 Ga (Zolnai and
others, 1984). The younger deformation was most intense; it
compressed the edge of the Superior craton and its cover of
Huron deposits as thrusting propagated northward and even-
tually deformed the 1,850 Ma Sudbury Nickel Irruptive.
Structures that formed in the thicker (southward) part of the
clastic wedge during ductile deformation were rotated dur-
ing the thrusting to their present near-vertical position. The
cause of the pre-2,200 Ma deformation is enigmatic. The
younger, more intense deformation (1,900-1,850 Ma), how-
ever, has been attributed to the Penokean orogeny (Zolnai
and others, 1984). Accordingly, volcanic arc complexes
equivalent to the Wisconsin magmatic terranes possibly
underlie Lake Huron to the south of the exposed rocks of the
Huron Supergroup. That the older, pre-2,200 Ma deforma-
tion is related to continent-arc collision is unlikely inasmuch
as the oldest known arc-related rocks in the Wisconsin mag-
matic terranes are about 1,890 Ma (Sims and others, 1989),
at least 300 m.y. younger than the pre-2,200 Ma event. The
relative antiquity of the Huron deposits and the documented
multiple deformation of the rocks (Zolnai and others, 1984)
indicate that the Huron segment of the Superior margin
probably is a compound passive continental margin. Pre-
sumably, Huron Supergroup deposits formed on an older
margin prior to 2,200 Ma, then were deformed pre-2,200
Ma; subsequently these rocks, including the Whitewater
Group in the Sudbury area, as well as the subjacent Archean
basement were deformed again by the north-verging
Penokean collision.
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TRANS-HUDSON OROGEN

The Trans-Hudson orogen has been traced southward in
the subsurface from exposures in northern Saskatchewan
and Manitoba (Hoffman, 1989, and references therein),
mainly by magnetic anomaly maps (Green and others, 1985).
The orogen is characterized by dominantly north trending
magnetic anomalies that reflect a north-trending structural
grain. Isotopic age data indicate that the main igneous and
metamorphic events occurred between 1,910 and 1,800 Ma
(Sims, Peterman, and others, 1991).

The outline of the Trans-Hudson orogen as shown on
plate 2 is inferred from aeromagnetic and gravity data and
sparse drill holes, as well as extrapolation from exposures
in northern Canada. An eastern unit (unit XWb; Superior-
Churchill boundary zone; Sims, Peterman, and others,
1991), correlated with the Thompson belt in Canada, con-
sists of probable reworked Archean basement and a domi-
nantly metasedimentary cover. A central magnetic region
(unit Xvc), to the west, consists dominantly of moderately
dense rocks, such as intermediate-mafic volcanic rocks,
probably mainly arc derived rocks, at least locally meta-
morphosed to granulite grade. Another magnetic belt, the
western magnetic region (unit Xvw; Sims, Peterman, and
others, 1991), composes the western part of the orogen. It
appears to consist mainly of gneisses or metasedimentary
rocks. Sims, Peterman, and others (1991) included the
Black Hills uplift of Laramide age in the Trans-Hudson
orogen because of its north-northwest-trending structural
grain, typical of that elsewhere in the orogen. It is inferred
to lie within a wedge-shaped, probably fault bounded block
in western South Dakota that consists of Early Proterozoic
metasedimentary and metavolcanic rocks that overlie
reworked Archean basement rocks. It has been tentatively
correlated (Sims, Peterman, and others, 1991) with the Cree
Lake zone in northern Saskatchewan, as described by
Lewry and others (1985).

A COCORP (Consortium for Continental Reflection
Profiling) deep seismic-reflection survey across the northern
part of the Trans-Hudson orogen and adjacent cratons
(beneath the Phanerozoic Williston basin) at about lat 48°30'
N. provides a transect across the orogen (Nelson and others,
1993). At about long 101° W., deep reflections dip east-
ward, beneath rocks of the Superior-Churchill boundary
zone (compare Sims, Peterman, and others, 1991). This sug-
gests that rocks of the Central magnetic region have been
subducted beneath Archean rocks of the Superior province.
At about long 103° W., mid- to lower crustal rocks reflect a
broad antiform beneath the center of the Williston basin.
Near the west margin of the orogen, as mapped by Sims,
Peterman, and others (1991), a thick band of west-dipping
reflectors (of western magnetic region) which may mark a
Proterozoic subduction zone truncates a thick band of sub-
horizontal reflectors to the west, presumably within the
Wyoming craton.

The seismic-reflection data suggest that both the east
and west margins of the Trans-Hudson orogen are subducted
beneath respective Archean basement rocks. In the Mani-
toba-Saskatchewan segment of the orogen, on the contrary,
Hoffman (1989) and others have interpreted a southeastern
foreland belt (Thompson belt) as having been thrust south-
eastward over the Superior province. The northwest margin
(hinterland) is interpreted as involving major thrust stacking
(mainly south- to southeast-vergent) attributed to accretion
of island arcs and sedimentary rocks due to north- to north-
west subduction, followed by oblique sinistral collision
between the Hearne and Superior cratons.

CENTRAL PLAINS OROGEN

The Central Plains orogen (pl. 2; Sims and Peterman,
1986; Bickford and others, 1986) is the eastern, subsurface
extension of the Early Proterozoic fold belt (Colorado prov-
ince; Reed and others, 1987) exposed in the Laramide base-
ment uplifts of Colorado and southeastern Wyoming. It is an
arcuate belt (convex to the north) of metamorphic and igne-
ous rocks formed during the approximate time span
1,800-1,630 Ma that truncates from west to east the Archean
Wyoming craton, the Early Proterozoic Trans-Hudson oro-
gen, the Archean Superior craton, and the Penokean orogen
(pl. 2). Its northern boundary, the Cheyenne belt (Houston
and others, 1979), is exposed in the Medicine Bow and
Sierra Madre Mountains (Houston and Karlstrom, 1992),
and is projected on the basis of geology and geophysics
northeastward through the Laramie Range into southern
South Dakota and northeastern Nebraska (Sims, Peterman,
and others, 1991). In eastern Nebraska, the Central Plains
orogen apparently is truncated by the Middle Proterozoic
Midcontinent rift.

The Cheyenne belt, as exposed in the Medicine Bow
Mountains, is a major shear zone a maximum of 5 km wide
that separates Archean gneiss and Early Proterozoic mio-
geoclinal rocks of the Wyoming craton to the north from
1.8-1.63 Ga arc-related gneisses and calc-alkalic plutons to
the south (Houston and others, 1989). In the Medicine Bow
Mountains, the shear zone consists of four major mylonite
zones that merge westward into a single ductile shear zone
(Duebendorfer and Houston, 1987). The northern mylonite
zone of the Cheyenne belt separates Early Proterozoic
metasedimentary rocks of the upper part of the Libby Creek
Group, to the north, from gneisses of the Bear Lake block to
the south. The southern shear zone, the Rambler, defines the
north margin of the volcanic arc complex to the south (Karl-
strom and Houston, 1984). Neodymium data (Ball and
Farmer, 1991) indicate that the rocks in the Cheyenne belt
within the Medicine Bow Mountains are part of the Wyo-
ming craton, inasmuch as they have eNd values and
Archean model ages similar to those of the Libby Creek
Group, north of the northern mylonite zone. The Nd data
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indicate that rocks in both the lower and upper parts of the
Libby Creek Group were derived from Archean crust. The
data require that the Rambler shear zone is the suture
between the Archean continental margin and the Early Prot-
erozoic arc rocks. Earlier, Duebendorfer and Houston
(1987) suggested that the northern mylonite zone, also
called the Mullen Creek—Nash Fork shear zone (Houston
and McCallum, 1961), is the suture between the two
terranes. Further, the Nd data indicate that foredeep
sedimentary rocks with 2.4 to 2.0 Ga Nd model ages are
absent north of the Cheyenne belt, contrary to the earlier
suggestion of Houston (1992) that the French Slate, at the
top of the upper part of Libby Creek Group (Houston and
others, 1992) is a probable foredeep deposit.

Geologic mapping by Houston and Karlstrom (1992)
and others in the Medicine Bow Mountains indicates that
both the lower and upper parts of the Libby Creek Group are
fault (thrust) bounded and have been thrust northward over
the Early Proterozoic Deep Lake Group and underlying
Archean rocks. Accordingly, these rocks are presumably
allochthonous and constitute a tectonic stratigraphy.

PROBABLE COMPOUND NATURE OF SOUTH
MARGIN OF WYOMING PROVINCE

Sims, Peterman, and others (1991) suggested that the
east margin of the Wyoming province is marked by major
faults that coincide with steep gravity gradients and locally
with conspicuous magnetic contrasts. One of these faults
(Hartville-Rawhide fault) is exposed in the Hartville uplift
(Snyder, 1980). South of the Hartville uplift (pl. 2), it merges
with, or more likely, converges toward the Cheyenne belt, as
shown on plate 2. I propose that this fault extends westward
and is cither the Reservoir Lake fault or the Lewis Lake fault
(Houston and Karlstrom, 1992) in the Medicine Bow Moun-
tains. The Reservoir Lake fault is 6 km north of the Chey-
enne belt (northern mylonite zone) and thrusts lower Libby
Creek Group rocks northward over the Deep Lake Group
and its subjacent Archean basement. This interpretation is
supported by contrasting structures in the Deep Lake and
Libby Creek Groups (Houston and Karlstrom, 1992). These
authors concluded that the deformation of the Deep Lake
Group took place between about 2.5 and 2.1 Ga (pamphlet,
p- 16). With this interpretation, the Deep Lake Group was
deformed by a collision, possibly along the Reservoir Lake
fault, before 2.1 Ga. Following this collision, rifting of the
continental margin resulted in deposition of the lower Libby
Creek Group, and later this margin evolved into an open
marine basin in which rocks of the upper Libby Creek Group
were deposited (Karlstrom and others, 1983).

Encroachment and, eventually, collision of the arc
rocks of the Central Plains orogen at =1.75 Ga deformed the
continental-margin Libby Creek Group rocks in a fold-and-
thrust belt north of the Cheyenne belt. The complex nature of
this collision is reflected by the apparent Archean rocks
within the Cheyenne belt itself, as indicated by Nd data (Ball
and Farmer, 1991).

REGIONAL CORRELATIONS OF EARLY
PROTEROZOIC MARGIN SEQUENCES

The rough delineation of buried portions of the Early
Proterozoic orogens and Archean cratons in north-central
United States (pl. 2) provides a tectonic framework within
which proposed stratigraphic correlations can be examined.

Correlation of the thick siliciclastics (Snowy Pass
Supergroup) in the Medicine Bow Mountains (fig. 49) and
Sierra Madre with the Huron Supergroup has been proposed
by Young (1973) and Houston and others (1992, fig. 21).
Although this correlation is appealing because of lithologic
similarities and a similar order of succession, the assem-
blages are homotaxial because they formed on different cra-
tonic margins and are not necessarily contemporaneous.
Also, Houston and others (1992) have proposed, on the basis
of lithotype similarities, that the upper part of the Early Pro-
terozoic Libby Creek Group may correlate with shelf depos-
its of the Marquette Range Supergroup in Michigan.
However, these assemblages too are homotaxial because
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Figure 49. Stratigraphic succession of metasedimentary rocks of
the Medicine Bow Mountains, southeastern Wyoming. Wavy line,
unconformity; sawteeth, upper plate of thrust fault. Modified from
Houston and others, 1992.
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they formed on different cratonic margins, and they probably
are not contemporaneous. Further, Houston’s (1992)
assumption that the youngest units (Towner Greenstone and
French Slate) of the Libby Creek Group are foredeep depos-
its is not supported by subsequent Nd data. Neodymium
studies by Ball and Farmer (1991) indicate that these rocks
were derived from the Wyoming Archean craton, and not
from erosion of advancing thrust sheets of the encroaching
arc terrane of the Central Plains orogen.

Although contemporaneity of the dominantly siliciclas-
tic sequences of Early Proterozoic age in the Lake Huron
region and southeast Wyoming is improbable, the lithologic
similarities can be explained by their tectonic settings. As
discussed by Morey (this volume), the stratigraphic
sequences can be equated generally with Holocene
sequences along passive margins, as well as with older Phan-
erozoic sequences such as appear in the Appalachians. The
dominantly siliciclastic sequences of Early Proterozoic age
can be explained by erosion of the quartz-tich Archean rocks
in the source areas. These eroded materials accumulated
along the rifted continental margins. Why analogs to the
foredeep deposits in the Lake Superior region are apparently
lacking in southeastern Wyoming is not known, but perhaps
such deposits were formed and then subsequently eroded, as
suggested by Ball and Farmer (1991).
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